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     ABSTRACT 
 
An evaluation of the specific activity concentrations associated with technologically 
enhanced naturally occurring radioactive materials (TENORM) and anthropogenic 
radionuclides has been undertaken, with particular focus on produced water from the Kuwait 
oil industry. This work is part of a systematic study to provide a radiological map of the outer 
boundary of the produced water lagoon located in the Minagish oil field in the south west 
region of the State of Kuwait. This particular lagoon contains material from the discharge of 
produced water which is a by-product of oil production in the region. The lagoon samples 
were prepared and placed into sealed, marinelli beakers for a full gamma-ray spectrometric 
analysis using a high-resolution, low-background, high-purity germanium detection systems 
at the University of Surrey Environmental Radioactivity Laboratory. Of particular interest are 
the calculation of the activity concentrations associated with members of the decay chains 
following decays of the primordial radionuclides of the 238U chain (226Ra, 214Pb, 214Bi) and 
the 232Th chain (228Ra, 228Ac, 212Pb, 212Bi, 208Tl), and the enhanced concentrations of radium 
isotopes. This thesis presents overview of the experimental samples which have been 
measured and the analysis techniques applied, including isotopic correlation plots across the 
sample region. The result shows the expected significant increase in 226Ra (and progeny) 
concentrations compared to the NORM values were taken from outside of the lagoon, with 
226Ra activity concentrations ranging from approximately 10 Bq/kg to 2 kBq/kg from 
different samples. Radium equivalent and hazard indices are calculated for different regions 
of the pool boundary, with some regions have hardard indices greater than unity, and 
therefore constituting a potential radiological hazard. The analysis also investigates the 
correlations between members of the 232Th and 238U chain in these samples, and shows 
evidence for enhancement of radium isotopes (226Ra and 228Ra) in the lagoon produced water 
samples compared to the background levels.   
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Chapter 1: Introduction 
 
1.1 Background 
Radioactivity was discovered by Henri Becquerel more than 100 years ago [FRI81, KRA88]. 
This discovery opened up new science fields, and various sources of ionizing radiation have 
been discovered since such as cosmic rays and terrestrial radioactivity. Widespread 
radionuclides can be found in air, soil or water. Terrestrial sources contain radionuclides that 
can irradiate humans due to external exposure caused by gamma rays originating from 
sources within the U 
235 , U 
238  and Th 
232  decay chains.  Some industrial activities can have an 
effect on the radioactive nuclides concentrations which can impact human health. For 
instance the phosphate, coal, oil and gas industries can all cause increases in radiation doses 
experienced and increase the localised radiation concentration from the natural environment 
[IAEA03]. 
Oil and gas manufacture is a universal industry operating in various states. Such industries 
are potentially dangerous to human health and the wider environment if not properly 
controlled. Furthermore, massive quantities of naturally occurring radioactive material 
(NORM) arise from the reservoir of rock faced with production and maintenance [VEI04, 
IAEA03]. 
The extraction and production of oil and gas operates in various environments and climates 
and requires high efficiency of operation while maintaining a high standard of safety and 
control. This involves the need to preserve control over occupational exposures to radiation, 
and through the proper management of wastes, which might be chemically as well as 
radiological hazardous, to try to avoid the negative impact of radioactive material on the 
environment and to the public. The oil and gas industries are usually complicated in 
technically and as well in organizationally [IAEA03]. It mainly depends on specialized 
services and supply companies for the availability of expertise and equipment necessary for 
the radiation safety. 
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1.2 The overview of the research and its purpose. 
The radiological effects of produced water have not been in studied in detail for the Kuwait 
Oil industry and in particular the Kuwait Oil Company. Produced water as defined by the 
International Atomic Energy Agency is the water produced in the form of vapour or liquid 
with crude oil and natural gas. The liquid water may be pure or emulsified [IAEA03]. The 
Company was concerned with the oil and gas industry, and neglected the extent of the 
NORM effect on pipes and seepage Lagoons [GES75, WAL88]. This research presented in 
this thesis focuses on evaluating and measurement of the extent of NORM and TENORM in 
a seepage lagoon in a specific location in the State of Kuwait. An evaluation of the identified 
radionuclides and their specific activities, will help in setting up the protection procedure for 
the elevated radiological level areas (if found), and also to build future NORM management 
and disposal plans for other such lagoons across Kuwait. 
The research project presented in this thesis includes forming radiological maps for the 
boundary of one such lagoon in the Minagish oil fields in Kuwait. The research will provide 
information on baseline activity concentration for the defined location and may be used in 
any future determination of increased activity concentration levels.  The research is also part 
of a wider research mission to create an up to date National Radiation Map for the state of 
Kuwait including the produced water Lagoons in the oil fields.  
1.3 Outline. 
 The remainder of this thesis is set-out as follows: Chapter 2 illustrates the environmental 
sources of radioactivity, including the terrestrial decay chains. Chapter 3 is concerned with 
the modes of radioactive decay and provides a review of the main concepts of gamma-ray 
interactions with matter and radiation detection. A short discussion of gamma-ray attenuation 
and the laws of radioactive decay are also presented. Chapter 4 covers the origin and 
radiological characteristics of NORM, and then discusses Oil and Gas Industry Waste, 
particularly the produced water. The end of this chapter gives a brief history on oil in Kuwait 
and the main oil fields there. Chapter 5 presents the experimental procedure and sample 
preparation. Finally, chapter 6 deals with the initial test of analysis techniques including γ-ray 
energy calibration and efficiency calibration and measurement results, including the final 
activity concentration values and isotopic correlation analysis.   
3 
 
 
Chapter 2: Naturally Occurring Radioactive Materials 
 
2.1 Environmental source of radioactivity.   
Human beings receive about 85% of the radiation dose from natural radiation sources 
[UNS00] (see fig. 2.1). Thus the study of radiation dose is essential in determining the 
potential health effects on human health [WIL94]. Two classes of natural background 
radioactive sources exist; these are cosmogenic, and terrestrial [KAT98]. 
 
 
Figure 2.1: The significant sources of radiation that influence the environmental dose. 
(Figure taken from reference [UNS00]) 
 
2.1.1 Cosmogenic Radiation  
The earth is receiving continuously cosmic radiation from space. These cosmic rays are 
mainly highly energized, positively charged particles (protons) and high energy photons and 
electron [WHL96, KAT98]. A number of radioactive nuclei such as H 
3 , Be 
7  and C 
14  are 
created as a result of cosmic-ray interactions with nuclei of atoms in the earth’s atmosphere 
[EIS97]. There is a variation of cosmic radiation dose across the world due to differences in 
elevation and earth’s magnetic field effects [EIS97]. 
14% 1%
18%
14%
42%
11%
Sources of Radiation
Medicne -14%
Nuclear industry -1%
Buildings/Soil -18%
Cosmic -14%
Radon -42%
Food/Drink Water -11%
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The formation of cosmogenic radionuclides occurs usually to either nuclear fragmentation 
(e.g., Be 
7 ) and occasional neutron capture (e.g., Kr 
81 ), both of which occur as a direct 
consequence of interactions with cosmic rays in the atmosphere. The participation of thermal 
neutrons occurs in the production of some cosmogenic radionuclides, with the thermal 
neutrons are released after primary fragmentation interaction [KAT98]. Two environmentally 
significant radionuclides produced by this way are, C 
14  via the (n, p) charge exchange 
reaction on N 
14  in the air, and Kr 
81  via the (n,γ) reaction on Kr 
80 . Extraterrestrial dust and 
meteorites also add relatively small amount of radioactivity to the earth’s environment 
[KAT98, KLE82, and KAT84]. Table 2.1 illustrates features of some cosmogenic 
radionuclides. Cosmogenic radionuclides are typically relatively light elements (e.g., low in 
atomic number) with half-lives ranging from a few minutes to 2.5 million years. The 
production of these cosmic radionuclides is relatively constant; however variations are noted 
with the altitude and latitude [KAT98]. 
Table 2.1:  Decay modes and half-life of the main cosmogenic radionuclides. The 
information in this table is taken from [UNS00, DOE01]. 
 
Element                          Nuclide                  Half-life                              Decay mode and principal    
                                                                                                                    characteristic decay 
                                                                                                   gamma-ray energy (keV) 
 
Hydrogen 
Beryllium  
 
Carbon  
Sodium  
 
Aluminium  
Silicon 
Phosphorous  
 
Sulphur  
Chlorine  
Argon  
 
Krypton  
 
3H 
7Be 
10Be 
14C 
22Na 
Na 
24  
26Al 
32Si 
32P 
33P 
35S 
36Cl 
37Ar 
39Ar 
81Kr 
 
12.26 yr 
53 d 
2.5 x 106 yr 
5760 yr 
2.6 yr 
14.96 h 
740,000 yr 
280 yr 
14.3 d 
24.4 d 
87.9 d 
380,000 yr 
35.04 d 
270 yr 
210,000 yr 
 
β-  (100%) 
EC (100%) and γ (477.6) 
β-  (100%) 
β-  (100%) 
β+ and γ (1279) 
β-  (100%) 
EC (100%) 
β-  (100%) 
β-  (100%) 
β-  (100%) 
β-  (100%) 
EC (1.9%), β-  (98.1%) 
EC (100%) 
β-  (100%) 
EC (100%)  
 
For instance, Na 
24  has a production rate at an altitude of 20 km which is four times greater 
than the production at sea level [KAT98, ICR90]. In the troposphere (the lower altitude 
atmosphere) the production of Be 
7  is only 30% of the total, while 70% of the production is in 
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the stratosphere. Activity produced in the stratosphere has a residence time of about a year 
and is transferred to the troposphere; the residence time in the troposphere is about six weeks.  
The major factor in the precipitation of radionuclides to the surface of the earth is to a large 
extent due to gravity. Half-lives, atmospheric mixing process and the altitude are the main 
reasons which affect the concentration of cosmogenic radionuclides [KAT98]. 
2.1.2 Terrestrial Primordial Radiation 
Terrestrial radiation exists everywhere on the earth, on land and aquatic environments, rocks, 
soil, building material and in the oceans. Terrestrial radiation is classified into two major 
groups on the earth, singly decaying radionuclides and decay chains [KAT98]. The exposure 
dose of these radionuclides widely varies around the world [UNS00]. 
Singly Decaying Radionuclides 
Primordial radionuclides have very long half-lives, from hundreds of millions of years or 
more. Many of these nuclides are beta emitters, with a few alpha decaying, such as Sm 
147  
and Gd 
152  [UNS00].  Primordial singly-step decaying alpha emitting radionuclides have very 
long half-lives (table 2.2), and emit alpha particles with relatively low energies. The kinetic 
energy of alpha particle emitted by the singly occurring primordial radionuclides is of the 
order of a few MeV in contrast to the energies of alpha particles from the heavy naturally 
occurring elements which are typically greater than 4 MeV. 
The most significant primordial radionuclides are K 
40  and Rb 
87  [UNS00]. The half-life of 
K 
40  is 1.277 x 109  yrs [BRO86], and its natural isotopic abundance is 0.0118 %, with a 
specific activity of natural potassium corresponding to 31.4 Bq/g. The decay of K 
40  goes to 
stable Ca 
40  via β- decay 89% of the time, while electron capture/ + decay to Ar 
40  providing 
the remaining 10.72% .The identification and quantification of K 
40  by gamma spectrometry 
is achievable through the detection of characteristic gamma-ray at 1.461 MeV, the following 
the decay of K 
40  to the spin/parity 2+, first excited state in Ar 
40 . This decay can also be used 
as gamma- ray energy calibration due to its availability in all environmental samples 
[KAT98]. 
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Table 2.2: Examples of primordial single decay radionuclides, taken from [KAT98], updated 
from reference [NSDIA]. 
Nuclide Half-life (yr) %Isotopic 
abundance 
Decay mode Stable 
disintegration 
products 
K 
40  1.28 × 109 0.0117 β+, EC, β− Ca 
40 , Ar 
40  
Rb 
87  4.8× 1010 27.83 β− Sr 
87  
Cd 
113  8 × 1015 12.2 β− In 
113  
In 
115  4.4× 1014 95.7 β− Sn 
115  
La 
138  1.02× 1011 0.089 EC, β−, β+ Ba 
138 , Ce 
138  
Nd 
144  2.29× 1015 23.8 𝛼  Ce 
140  
Sm 
147  1.06× 1011 14.99 𝛼  Nd 
143  
Sm 
148  7× 1015 11.24 𝛼 Nd 
144  
Gd 
152  1.08× 1014 0.2 𝛼 Sm 
148  
Lu 
176  3.76 × 1010 2.599 β− Hf 
176  
Hf 
174  2× 1015 0.16 𝛼 Yb 
170  
Re 
187  4.33× 1010 62.60 β− Os 
187  
Pt 
190  6.5× 1011 0.0122 𝛼 Os 
186  
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Figure 2.2: Radioactive decay scheme of K 
40 . 
 
The distribution of potassium varies across the Earth’s crust. Crustal rock concentrations of 
this element differ for example in granites which are made of about 4% of K while in 
limestone’s it is only 0.1% [6]. The mean activity concentration in these rocks is about 0.62 
Bq/g with, half the potassium activity concentration in crustal rock found in basalt [KAT98]. 
Some granite, particularly those low in calcium and syenites may have activity concentrations 
exceeding 1.85Bq/g [KLE82]. Soils have generally lower concentrations of potassium, with a 
mean of around 0.44 Bq/g [KLE82]. Potassium concentration in soils can be appreciably 
altered by agriculture activities, particularly through the application of potassium bearing 
fertilizers which have been observed to increase the potassium content of soils under 
cultivation over twenty years by an order of magnitude [KLT82]. Concentration of potassium 
in sea water is also significant, averaging about 11Bq/l [KLT82]. 
Rubidium ( Rb 
87 ) is another significant primordial radionuclide with an isotopic abundance 
27.8%, and a half-life of 4.8 x 1010 yr [HUL61]. Rb 
87  undergoes beta decay (Emax =
274keV) to stable Sr 
87 . Rb 
87  is also an alkaline earth metal [HUL61], and thus may replace 
potassium chemically within the body [KAT98], with concentrations in the liver being about 
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four time greater than those in the other tissue [KAT98]. The annual equivalent dose from 
Rb 
87  is about 3 μSv to the soft tissue, 14 μSv to the bone surfaces, and 7 μSv to the bone 
marrow [KAT98]. Considering all tissue and organs, the annual effective all body dose 
equivalent from Rb 
87  is about 6 μSv [KAT98]. 
Decay Chains 
Following solar system condensation 1010 yrs ago, heavier elements were formed from 
hydrogen and helium via the big bang in the past 1.5 x 1010 yrs in stellar interiors, following 
nova and supernova [LIL01]. Dead star debris recycled to form the earth [KRA88]. The 
majority of these atoms were initially radioactive, but have decayed to form stable elements. 
However a few radioactive elements have isotopes with decay half-lives which are long 
compared or comparable to the age of earth. These radioactive atoms, which form a large 
portion of our natural radiation, can still be observed today [KRA88]. Three major classes of 
radioactive decay chains are found in nature. Each chain undergoes a complicated succession 
of alpha and beta decays. The first chain is headed by U 
238 , which has half-life 4.5 billion 
years and the end stable product is Pb 
206  [KRA88]. The second chain headed by Th 
232 , with a 
half-life of 14.1 billion years, in which Pb 
208  is the stable end product [KRA88]. Finally the 
chain headed by U 
235 , which has a half-life 700 million years [KRA88], and ends with the  
stable product Pb 
207 . Schematic figures and tables provide more detailed information on 
these decay chains [GIL08]. 
Table 2.3: Some characteristic of the disintegration series of the heavy elements [KRA88]. 
Name of Series  Type(n=integer)  Final Nucleus 
(Stable) 
Nucleus Half-Life (y) 
Thorium 4n Pb 
208  Th 
232  1.41 × 1010 
Neptunium 4n+1 Bi 
209                 237Np 2.14 × 106 
Uranium 4n+2 Pb 
206  U 
238  4.47 × 109 
Actinium 4n+3 Pb 
207  U 
235  7.04 × 108 
 
Some researchers consider the Neptunium chain as a disintegration chain [AEC06]. However 
this chain does not exist naturally in nature except for final stable product, 209Bi. Thus 
because the half-life of the Neptunium 2.144× 106 is relatively small compared with the 
Earth’s age 4.5× 109 years [KRA88]. It has reappeared in the wider environment following 
residues from atmospheric nuclear weapons tests and from residues of nuclear fuel waste, 
from the alpha decay of Am 
241  [SAL09]. 
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Neptunium is present at the present time due to production in nuclear weapons, nuclear tests 
of the atmosphere, reprocessing of nuclear fuel and nuclear events, such as the Chernobyl 
accident. These sources have emitted Np 
237  and, Am 
241  and, Pu 
241  which are Np 
237  
grandparent and parent nuclide respectively to the environment. 
The activity associated with Np 
237  decay is lower compared to the activities of Am 
241  in the 
environment [SAL09], but in the far future the Np 
237  concentration will increase following 
feeding from Am 
241  decay (T1 2⁄ = 433 years) and become the dominant transuranium isotope 
in the environment due to its long half-life (2.14× 106 years) and the continuously increasing 
inventory from both the direct emissions and the production by the decay chain from Am 
241 , 
Pu 
241  and U 
237  [SAL09]. 
 
 
Figure 2.3: Schematic of thorium decay chain. 
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Figure 2.4: Schematic of the Uranium decay chain. 
 
 
Figure 2.5: Schematic of the Actinium decay chain. 
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Figure 2.6: Schematic of the Neptunium decay chain. 
 
 
 
2.2 NORM 
The industrial materials such as ores and minerals may contain naturally occurring 
radioactivity [IAEA03]. The terminology of this material has varied in recent years. For 
example the term LSA has been used, which referred to Low Specific Activity or TENORM 
for the Technologically Enhanced Naturally Occurring Radioactive Materials. The term 
NORM is generally used, for Naturally Occurring Radioactive Materials and is defined 
according to the International Atomic Energy Agency (IAEA), as radioactive materials 
containing no significant amount of radioactivity other than from naturally occurring 
radionuclides [WYM07]. Table (2.5) illustrates some heavy minerals and their activity 
concentrations [IAEA03].  The high level of activity concentration (NORM) in the soil, in 
certain areas around the world may require for radiological protection action for the people 
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who are resident in these location. NORM levels could also indirectly increase through 
particular human activities, including building material [COM99]. 
Table 2.4 : Various heavy mineral and their radionuclide contents, data taken from 
[IAEA03]. 
 Thorium Uranium 
ppm Bq/kg ppm Bq/kg 
Ore 5-70 40-600 3-10 70-250 
Heavy mineral 
concentrate 
80-800 600-6600 <10-70 <250-1700 
Ilmenite 50-500 400-4100 <10-30 <250-750 
Rutile <50-350 <400-2900 <10-20 <250-500 
Zircon 150-300 1200-2500 150-300 3700-7400 
Monazite 
concentrate 
10000-55000 8000-480000 500-2500 1200-60000 
Processing 
tailings (include 
monazite) 
200-6000 1500-50000 10-1000 250-25000 
 
The global effective dose rate of radioactivity exposure from soil differs according to 
radioactive element; for  U 
238  it is 30 Bq/kg, while Th 
232  it is 35 Bq/kg, and for K 
40  it is 400 
Bq/kg. The final value takes into account the weighted mean activity concentrations of these 
components [UNS00]. If the activity concentrations is less than 1 Bq/g or the occupational 
exposure is less than 1 𝑚𝑆𝑣/y , then there can be an exemption according to IAEA regulatory 
controls [IAEA04]. 
NORM is widely distributed over the world, for example it is found in oil, gas, coal, bauxite, 
minerals and mineral sands [WYM07]. Human activities such as mining may increase 
NORM levels. In these processes, by-products, residues and wastes materials can raise the 
radioactivity concentration [IAEA03]. Examples of NORM have been found in tiles 
[ZAM07] and clay bricks [TSU08]. By-products which contain or increase the NORM levels 
include fossil fuels burning and metal refining [O’B07]. 
Industrial and NORM level are related in indirect ways, for example via the industrial waste 
as in phosphogypsum, fly ash and mine tailing [HIL07]. Each country should evaluate the 
risk of NORM exposure and the extent to which human activity has contributed in increasing 
exposure to NORM sources. 
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Table 2.5: The most significant γ-ray transitions emitted by the NORM nuclides in Th 
232  
series, data taken from  [WAH07] and  [IAEA07]. 
Nuclide Half-life Decay mode Gamma-ray 
energy (keV) 
Emission 
probability (%) 
Th-232 
Series 
232Th 
 
1.405 (6)× 1010 y 
 
α 
 
63.81 (2) 
 
0.263 (13) 
228Ra 5.75 (3)y 𝛽− 13.52 (2) 1.6  
228Ac 6.15 (2)h 𝛽− 911.024 (4) 
968.971 (17) 
338.320 (3) 
964.766 (10) 
463.004 (6) 
25.8 (4) 
15.8 (3) 
11.27 (12) 
4.99 (9) 
4.40 (7) 
228Th 1.9116 (16)y  84.373 (3) 1.22 (2) 
224Ra 3.66 (4) d  240.986 (6) 4.10 (5) 
220Rn 55.6 (1) s  549.76 (4) 0.114 (17) 
216Po 0.145 (2) s  804.9 (5) 0.0019 (3) 
212Pb 10.64 (1)h 𝛽− 238.632 (2) 
300.087 (10) 
43.3 (3) 
3.28 (3) 
212Bi 60.55 (6) m 𝛼, 𝛽− 727.330 (9) 
1620.50 (10) 
6.58 (6) 
1.49 (4) 
212Po 0.299 (2)μs  No 𝛾-ray - 
208Ti 3.053 (4) m 𝛽− 2614.533 (13) 
583.191 (2) 
510.77 (10) 
860.564 (5) 
35.64 (60 
30.4 (2) 
8.13 (2) 
4.47 (4) 
208Pb Stable - - - 
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Table 2.6: The most significant γ-ray transitions emitted by the NORM nuclides in the  U 
238  
series. These data are taken from [WAH07], [IAEA07]. 
Nuclide Half-life Decay mode Gamma-ray 
energy (keV) 
Emission 
probability (%) 
U-238 series 
238U 
 
4.468 (3)× 109y 
 
𝛼 
 
49.55(6) 
 
0.063(7) 
234Th 24.10 (3) d 𝛽− 63.283 (3) 
92.370 (10) 
92.793 (10) 
4.1 (7) 
2.42 (15) 
2.39 (15) 
234mPa 1.17 (3) m 𝛽− 1001.03 (3) 
766.38 (2) 
742.81 (3) 
0.837 (10) 
0.294 (12) 
0.080 (4) 
234U 2.455 (6)× 105y 𝛼 53.20 (2) 0.123 (2) 
230Th 75380 (30) y 𝛼 67.672 (2) 0.373 (21) 
226Ra 1600 (7) y 𝛼 186.211 (13) 3.59 (6) 
222Rn 3.8235 (3) d 𝛼 511 (2) 0.076 
218Po 3.10 (1) m 𝛼, 𝛽− No 𝛾-ray - 
214Pb 26.8 (9) m 𝛽− 351.932 (2) 
295.224 (2) 
241.997 (3) 
35.1 (4) 
18.2 (2) 
7.12 (11) 
218At 1.6 s  No 𝛾-ray - 
214Bi 19.9 (4) m 𝛼, 𝛽− 609.312 (7) 
1764.494 (14) 
1120.287 (10) 
1238.110 (12) 
44.6 (5) 
15.1 (2) 
14.7 (2) 
5.78 (8) 
214Po 164.3 (20) μs  799.7 (1) 0.0104 (35) 
210Ti 1.3 m 𝛽− No 𝛾-ray - 
210Pb 22.3 (2) y 𝛽− 46.539 (1) 4.25 (4) 
210Pi 5.013 (5) d 𝛼, 𝛽− No 𝛾-ray - 
210Po 138.376 (2) d  803.10 (5) 0.00122 (4) 
206Pb Stable - - - 
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Table 2.7: The most significant γ-ray transitions emitted by the NORM nuclides in the  U 
235  
series; these data are taken from [WAH07], [IAEA07]. 
 
Nuclide Half-life Decay mode Gamma-ray 
energy (keV) 
Emission 
probability (%) 
U-235 series 
235U 
 
7.038 (5) × 108 y 
 

 
185.715 (5) 
143.764 (2) 
163.358 (2) 
205.309 (2) 
 
57.2 (5) 
10.96  (8) 
5.08 (4) 
5.01 (5) 
231Th 25.52 (1)h 𝛽− 25.646 (4) 
84.216 (3) 
14.5 (3) 
6.6 (3) 
231Pa 3.276 (11) × 104y  27.36 (1) 
300.07 (1) 
302.65 (2) 
10.3 (4) 
2.47 (6) 
2.87 (27) 
227Ac 21.773 (3)y 𝛼, 𝛽− 99.6 (1) 0.0056 (17) 
227Th 18.72 (2) d  235.971 (20) 
50.13 (1) 
256.25 (2) 
329.851 (20) 
12.3 (13) 
8.0 (9) 
7.0 (4) 
2.69  (27) 
223Ra 11.435 (4)d  269.459 (10) 
154.21 (1) 
323.871 (10) 
144.232 (10) 
13.7 (3) 
5.62 (14) 
3.93 (7) 
3.22 (7) 
219Rn 
 
3.96 (1) s  271.23 (1) 
401.81 (41) 
10.8 (3) 
6.4 (2) 
215Po 1.781 (4) ms 𝛼, 𝛽− 438.8 (3) 0.04 (2) 
211Pb 36.1 (2)m 𝛽− 404.853 (10) 
832.01 (3) 
427.088 (10) 
3.78 (50 
3.52 (5) 
1.76 (4) 
211Bi 2.14 (2) m 𝛼, 𝛽− 351.059 (20) 12.91 (11) 
Po-211 0.516 (3)s  897.80 (5) 
569.70 (22) 
0.561 (11) 
0.545 
207Ti 4.77 (2)m 𝛽− 897.80 (5) 0.260 (9) 
207Pb Stable - - - 
16 
 
Chapter 3 Underpinning Nuclear and Radiation Physics. 
 
3.1 Modes of Radioactivity Decay    
Atoms radioactively decay due to an energy imbalance which leads such atoms to release 
energy to obtain increased binding or stability [SMI10]. Nuclear disintegration is a decay 
process that allows an unstable nuclide to transform to different nuclide species which have 
lower total mass / energy [KRA88], [L’A07]. These emitted products can go on to cause 
ionization and excitation surrounding matter. Ionization and excitation processes can be 
detected using specialist equipment for detecting specific radiation types and energy ranges. 
The mechanism for detection is the interaction of radiation (gamma, beta or alpha) with the 
matter. The major modes of radioactive decay of the nucleus are alpha and beta, both of 
which can be followed by subsequent gamma-ray emission from excited states populated in 
the decay. These modes are discussed below. 
 
3.1.1 Alpha decay 
The discovery of α-particles for the first time was done in 1899 by Ernest Rutherford during 
experiments on uranium [RUT11]. An alpha particle is a helium-4 nucleus, and consists of 2 
protons and 2 neutrons. Alpha particles are characterized as extremely low penetrating 
radiation, with most alpha particles being stopped in a few microns of solid material.  Alpha 
particles do not penetrate deeply in matter because of their characteristic electric charge and 
relatively large mass compared with beta particles [NUC09]. Alpha decay is most common 
for heavy nuclei with A>209. This is due to the Coulomb repulsion effect between protons 
which increases with the square of the atomic number, Z2. The mass number of the final 
nucleus following α emission is less than the initial parent nucleus by four mass units and the 
nuclear charge less by two. The emission of α particle can be expressed symbolically by: 
XZ
A  → X′  +α + QN−2
 
Z−2
A−4
N
       
where X refers to the parent nuclide and X’ refer to daughter nuclide. The symbol Q 
represents the net energy released in the decay due to the difference in mass/ energy between 
the parent and the daughter nuclides. From conservation of total mass/energy, the kinetic 
energy of the emitted alpha particle and recoiling daughter nucleus are given by:  
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      …. (3.1) 
…. (3.2) 
T represents the kinetic energy of the emitted particles and m represents their mass. If the 
left-hand side of equation 3.2 has a positive value (i.e., Q > 0 ) then, alpha-decay is 
energetically  allowed. Based on this, the initial mass of the parent nucleus should be larger 
than final mass of the daughter nucleus plus the mass of the emitted alpha particle [KRA88]. 
About 98% of the Q value energy is carried by the emitted α particle, while the heavier 
nuclear fragment, X’, carries the rest of the released energy. For a typical Q value of 5 MeV, 
the final heavy particle has energy of the order of 100 keV. This energy is generally more 
than enough to overcome the binding energy of atoms. Therefore both α particles and the 
heavy fragments can be released from a radioactive source if it is close to the surface. For the 
radionuclides in one of the naturally occurring decay chain, such as 232Th or 238U, the 
recoiling daughter nucleus is also often itself radioactive. In NORM, the α emitters have Q-
values ranging between ~4 and 10 MeV. 
The effect of coulomb repulsion is the main reason behind the alpha decay process. This 
becomes increasingly significant for heavy nuclei because the disruptive coulomb force 
increases as the square of the atomic number Z2, as compared to main nuclear binding energy 
which increases approximately linearly with the mass number, A.  
The theory of alpha decay was developed by Condon, Gamow and Gurney in 1928 [KRA88, 
LIL01]. In that theory, the alpha particle is assumed to exist as a separate entity and trapped 
inside the parent nucleus by a potential coulomb barrier. The potential energy of the system 
varies as a function of distance, r, between their centres. To free itself and escape from the 
nucleus, the α-particle must have sufficient energy to overcome the maximum potential 
energy barrier at the top of the energy curve. In classical mechanics, such a particle would 
remain trapped inside the potential well barrier. However, there exists a theoretical 
probability that it can pass through the barrier and escape free in a process known as the 
‘tunnelling effect’. The barrier accounts for the fact that alpha particles emitted from heavy 
nuclei are supposed to exist within these nuclei for short time before being emitted. If the 
width of the energy barrier is small, the probability of the α - particle being emitted is 
expected to be high, and vice -versa. 
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There is a well-established relation between the radionuclide half-life and Q-value for α-
decay called the Geiger-Nuttall rule [KRA88]. According to the rule, radionuclides with 
relatively large disintegration Q-value energies have short half-lives [LIL01], see figure 3.1. 
 
 
Figure 3.1: Schematic of Geiger–Nuttall rule illustrating the relation between half-life and Q 
values for alpha emitters; this figure is modified from [LIL01].  
 
A high concentration of U 
238  and Ra 
226  in ground soils and rocks may lead to an increase in 
human exposure due to α-particle radiation. Rn 
222  is a radioactive noble gas and is non-
reactive chemically and has no odour, taste or colour; it has a half-life of 3.825 days 
[BUT72]. 
Radon leads to increase the values of the natural background radiation in many regions 
around the world, beside it participate mainly in human daily radiation exposure. It can 
readily leak from rocks and soils and it can become trapped in interior housing locations. The 
distribution of radon around the earth crust varies from area to another because of differences 
in the geological of distribution of Uranium [API97].  
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3.1.2 Beta Decay 
In 1900 Henri Becquerel discovered beta particles. Beta decay modifies both the neutron 
number (N) and atomic number (Z) by one unit [KRA88]. Thus, an unstable isobaric nuclear 
chain will continue to undergo successive β decays, following a ‘mass parabola’ to the 
minimum energy for that particular A=N+Z combination [KRA88].  
β decays can be classified into 3 groups, namely  β-(-𝑣𝑒) decay , β+(+𝑣𝑒) decay and electron 
capture. Beta-particles, are more penetrating than α-particles [FRI81]. 
  n → p + e−    Negative beta decay (β−) 
p → n + e+    Positive beta decay (β+) 
                      p + e− → n     Orbital electron capture (ε) [KRA88] 
Negative β-decay 
This kind of decay takes place if the parent nucleus has a smaller binding energy than its 
daughter, resulting in the conversion of a neutron to a proton together with the emission of a 
beta-minus particle (which is the same fundamental particle as an atomic electron) and an 
anti-neutrino [LIL01]. The produced proton remains in the atomic nucleus while the beta 
particle and anti-neutrino are emitted from the nucleus; therefore the atomic number of 
nuclide increases by one unit following - decay. This process occurs when the ratio of 
neutrons to protons is larger than the stable ratio for that particular isobaric chain. The decay 
reduces by 1 unit the number of neutrons while simultaneously increasing the protons number 
by 1 unit. An example of β- -decay is: 
 …. (3.5) 
The kinetic energies of the emitted β-particles range from 0 up to an endpoint, whose value is 
equivalent to the energy difference in the mother nucleus (initial state) and daughter nucleus 
(final state) respectively (i.e. the Q- value) [KRA88]. The energy released from β-decay is in 
the form of kinetic energy and it is shared between antineutrino and β-particle. This occurs 
because β-decay represents a three-body process, whereas α-decay represents a two-body 
process and thus has discrete alpha particle emission energies [KRA88].   
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The Q-value in 𝛽 decay is defined as the difference between the initial and final nuclear 
mass-energies [KRA88]. The energy associated with electron binding are usually small 
compared to the nuclear Q-values and are usually neglected. If the Q-values are calculated 
using ATOMIC masses (rather than nuclear masses), then the Q- value can be calculated 
using the following equation [KRA88]: 
 …. (3.6) 
where the masses are neutral atomic masses. This released energy is then shared by the 
emitted beta particle and neutrino to the total Q value, i.e.,: 
  …. (3.7) 
 
Positive β-Decay 
Positive β-decay, also known as positron emission, is a second weak-interaction decay 
process. If the ratio of protons to neutrons is higher than the most stable isobar of that 
particular 𝐴 chain, then β+ decay can occur. This decay mode is prevalent in ‘proton-rich’ 
radioactive nuclei [FRI81]. This decay process involves the conversion of proton to a 
neutron, a positron and a neutrino. The mass number, A, not changes however the atomic 
number (Z) of the daughter nucleus reduce by one unit compared to the mother nucleus. Like 
β- decay, β+ decay is a three-body process where positrons are emitted with a continuous 
range of energies up to a maximum, endpoint value [HSU66].  A schematic example of + 
decay is given below: 
 …. (3.8) 
One can calculate the Q-value in β+ decay using the following equation (where m refers to 
atomic masses) [KRA88]: 
…. (3.9) 
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Electron Capture 
The process of electron capture (EC) refers to the capture of atomic electron which orbits 
near to the nucleus. The electron is united with a proton to create neutron with the release of a 
neutrino of fixed energy [KRA88]. It is a competing decay process to β+ decay [NUC09].The 
innermost orbit electrons is absorbed by the parent nucleus.  
The atomic mass of the electron is turned into energy during the process. On the other hand in 
β+ decay, some of the converted mass-energy is needed to form the emitted positron. This 
means that there is a decay energy restriction for β+ decay which is higher than for electron 
capture and for some particular isobaric cases, consequently electron capture can occur but  
β+ decay is not energetically allowed (for example the decay of the cosmogenic radionuclide 
7Be) [NUC09].  In EC there is no charged particle released; a monenergistic neutrino is 
emitted and therefore, in most cases, this released energy is not detected. The following 
example illustrates an electron capture process [KRA88]:     
Ca  
41  +  e− → K 
41 + ν …. (3.10) 
The Qεc value is defined by the conservation on mass-energy and it is calculated by the 
following equation, where the binding energy of the captured n-shell electron is symbolized 
as Bn [KRA88]: 
…. (3.11) 
 
In understanding β decay, it be can useful to plot a mass parabola which shows the mass 
differences between sequential neighbouring members of a fixed A, isobaric chain. , [FRI81]. 
The following figure 3.2 for the mass parabola for the A=137 isobaric chain.  
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Figure 3.2: The mass parabola for the A=137 isobaric chain. 
 
3.1.3 Gamma-ray emission. 
Gamma-ray photons originate from the nucleus. They do not have mass and are electrically 
neutral. Typical energies for gamma-ray photons range from ~0.1 to ~10 MeV [KRA88]. 
Gamma-ray photons exist as electromagnetic radiation and travel at the speed of light; they 
can penetrate up to hundred metres in air before being attenuated [NEL09]. 
If the daughter nucleus formed following radioactive ( or ) decay is populated in an 
excited state, it can subsequently release this excitation energy by gamma-ray emission. For 
instance, the naturally occurring radionuclide Ra 
226  undergoes alpha decay to produce Rn 
222 . 
Approximately 5% of these decays leave the 222Ra daughter in an excited state which can 
decay with a characteristic gamma decay with energy of 186.2 keV. 
Internal conversion is an electromagnetic process which competes with gamma decay.  In the 
internal conversion process, the excitation energy does not result in the emission of a photon 
but instead the electromagnetic multipole fields interact with the orbital electrons and cause 
one of the existing electrons to be ejected from the atom. The equivalent gamma-ray photon 
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energy must be exceeding the orbital electron binding energy for this process to occurrence. 
The internal conversion coefficient is defined by the equation below [KRA88]: 
 …. (3.12) 
The internal conversion coefficient is given by the symbol αic, 𝐼𝑖𝑐 is symbol for the intensity 
of de-excitations through the emission of conversion electrons, and 𝐼𝛶 symbol for the 
intensity of de-excitations through the competing gamma-ray emission branch only. 
3.2 Gamma-ray interactions with matter 
 
Following alpha and beta decay which leave an excited nucleus behind, gamma rays can be 
emitted. In this research we use gamma ray spectrometry which There are three main ways 
for interaction of photon with the matter, each of which is energy dependent. These are 
described below. 
3.2.1 Photoelectric Effect 
The photoelectric effect is when a photon completely disappears and a photoelectron is 
released by the atom in its place [KNO00]. If the photon energy is sufficient, the 
photoelectron can be produced from the strongest bound (K) shell electron. The released 
photoelectron has an energy which is given by: 
…. (3.13) 
 
The symbol Ee−represents the kinetic energy of the photoelectron; the symbol Ebrepresents   
the binding energy of the photoelectron's original shell. 
The interaction produces an ionized atom with a vacancy in one of the bound electron shells. 
This vacancy is filled with electrons captured from the medium or a rearrangement of 
electrons from outer shell orbits of the atom, following by the emission of   characteristic X-
rays. These may be reabsorbed through photoelectric absorption involving electrons from less 
tightly bound shells and may also lead to the emission of Auger electrons [KNO00]. 
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Figure 3.3: (a) Schematic for the mechanism of photoelectric absorption, and (b) the emission 
of fluorescent X-ray. 
 
The gamma-ray energy is presumed to be totally absorbed in the photoelectric effect. If such 
interactions occur near to the surface of the detector, the detector volume can ‘miss’ some of 
the subsequent (Ge) florescent (K) X-rays. The equation of the net energy absorbed by the 
detector can be expressed by [GIL08] Ee = Eγ - EKα , where EKα is the energy of the Kα X-ray 
of the detector material, this process is defined as X-ray escape.  
3.2.2 Compton Scattering  
This process involves as collision between the incident gamma photon and an electron in the 
absorber. At variance to photoelectric effect, the γ-ray photon is deflected through an angle θ 
with respect to its original direction. The energy of the photon is transferred to the electron’s 
electron recoil energy [KNO00]. This energy has a wide range depending on the scattering 
angle; it can vary from zero to a large fraction of the original γ-ray energy. The 
transformation and scattering of the energy angle due to certain interaction can be understood 
in the context of conservation of total mass-energy and linear momentum [KNO00, CNSTN]. 
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Figure 3.4: Schematic of the mechanism of Compton scattering. 
 
 The scattered energy can be solved by scattering angle function, which can be written as: 
…. (3.14) 
The symbol 𝑚° 𝑐
2 refers to rest-mass energy of the ejected electron (0.511 MeV).  
The expression of kinetic energy of the recoil electron is given by the  equation: 
…. (3.15) 
…. (3.16) 
 
If θ ≈ 0o, the scattered gamma ray takes nearly the same energy as the incident gamma ray 
and the recoil electron takes away very little energy. On the other hand, in the situation of a 
head-on collision (θ ≈ 180o) the incident gamma-ray is scattered toward its direction of origin 
and the energy transferred to the Compton the electron in a single Compton interaction 
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reaches a highest value, and that leads to spectral feature named by the ‘Compton Edge’.  In 
normal operation, all scattering angles can occur in a finite sized gamma-ray detector volume. 
Subsequently, energies of the recoil Compton electrons range from zero up to the maximum 
value. The gap is the energy difference between the maximum Compton recoil electron 
energy and the incident gamma-ray energy as shown below: 
…. (3.17) 
The Compton scattering process common over the intermediate energy, ranging from ~200 
keV to about 2 MeV. The probability of this process occurring per atom of the absorber is a 
function of the number of electrons available as scattering targets and thus increases linearly 
with Z number [KNO00, RAD08].        
 3.2.3 Pair Production 
Pair production is the third major process for photon interactions with matter. Pair production 
exists nearby the nuclei of the absorbing material and because of high electric field at this 
point. The incident γ-ray photon is replaced with an electron-positron pair. This means that 
the incident γ-ray photon disappears [KNO00]. To create the electron-positron pair requires 
an energy of at least 2m◦𝑐2 and therefore a 𝛾-ray energy with a minimum of 1.022 MeV is 
needed for any incident photon in this process. The kinetic energy of the electron-positron 
pair comes from sharing the excess energy higher than 1.022 MeV as shown in equation 3.18.  
…. (3.18) 
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Figure 3.5: Schematic of the mechanism of pair production [GIL08]. 
 
  Usually electron and positron move a few millimetres in the material after which they lose 
their energy in the absorbing medium. The positron slows down because of interaction with 
medium; the positron can join with alternative electron from the absorbing medium. This is 
followed by the annihilation of both particles, which creates two annihilation photons. Pair 
production becomes pronounced only for high energy gamma-rays (5-10 MeV). 
 
3.3 Gamma-ray attenuation 
 
Attenuation is defined a gradual reduction of intensity of any type through a material medium 
and which eventually limits its spread. The measurement of 𝛾-ray intensity will be less than 
the absolute intensity of the original emitted radiation [NEL09].  Absorber materials can 
entirely stop alpha and beta radiations, but in contrast, the absorber can only attenuate gamma 
rays which are partially absorbed. 
 In the case of a gamma-ray radiation source which is parallel to restricted beam and allowed 
to strike a detector next crossing through an absorber of changeable thickness, the result is an 
exponential attenuation of the gamma ray flux [KNO00]. If 𝐼 and I0 symbolize the intensities 
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of the gamma rays after and before attenuation. Beers Law for the attenuation of photons can 
then be expressed by the equation below [KNO00]: 
…. (3.19) 
 
The mass attenuation coefficient of this interaction, referred to μm is expressed by: 


 m  …. (3.20) 
The density of the absorber medium is symbolized as ρ. Thus mass attenuation coefficient, 
law for gamma-rays, (Eq. 3.19) cause expressed as: 
 
tt meIeII
   0
)/(
0   ….(3.21) 
 
The mass thickness of the absorber is referred to 𝜌𝚝 and has units of mg/cm2. The mass 
thickness is utilized in the measurement of radiation instead of physical thickness. The mass 
coefficient does not affect with the physical state of a given absorber but instead depends on 
the gamma ray’s photon energy. 
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Figure 3.6: Mass attenuation coefficients as a function of energy for various gamma rays 
interaction mechanisms in germanium. [NIST] 
 
3.4 Radioactive decay 
There are three main radioactive decay series in nature and headed by U 
235 , U 
238  and Th 
232 , 
[KRA88]. If we supposed that at zero time there are N0 parent atoms, and there are no decay 
products present, i.e:  
…. (3.22) 
 
There is a reduction in the number of parent nuclei with time because of radioactive decay. 
The Bateman equations can be used to find out the concentration of the nuclide after 
radioactive decay of an 𝑛-nuclide series in linear chain [CET06]. If the parent nucleus decays 
to produce an unstable daughter nucleus, this can be expressed as follows: 
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…. (3.23) 
…. (3.24) 
If we suppose that the final product is stable (n) nucleus in chain decay and the decay 
constants of the primary, daughter, granddaughter, great granddaughter etc. decays are 
symbolized by λ1, λ2 , λ3etc. (i.e. and λ𝗂 is the decay constant of the nuclide), then as a 
consequence of the parent decay, the number of atoms of the daughter nuclei increases 
initially, but due to its own decay this number also reduces with time, i.e.: 
…. (3.25) 
Combining (3.23) and (3.25), and N2(0) = 0 as the initial condition results in  
…. (3.26) 
…. (3.27) 
The expression of daughter activity is then given by,   
…. (3.28) 
If all of the daughters’ concentrations are zero at time zero, i.e.: 
…. (3.29) 
Using the Bateman equations of successive radioactive decays, it can be found that for the 
nth nuclide in the decay chain, its concentration is given as a function of time by the 
expression, [CET06]: 
…. (3.30) 
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The decay coefficient is referred to α, where 𝛼𝘪 can be calculated from: 
…. (3.31) 
 
3.4.1 Secular equilibrium 
Secular equilibrium occurs when the half-life of the parent is much longer than the half-life 
of the produced daughter nuclide(s). This equilibrium state is referred as secular equilibrium, 
if we neglect the small change in N1 with time when comparing the change in N2, we can 
approximate that : 
N2(t) = N1(t) (
λ1 
λ2
) [ 1 − exp (−𝝺𝟐𝐭)] …. (3.32) 
and as t→∞ we obtain the secular equilibrium equation: 
λ2 N2 = λ1N1 …. (3.33) 
Based on the definition of radioactive decay: 
𝐴2 = 𝐴1 …. (3.34) 
The radioactive decay of the produced material is equivalent to the radioactive decay of the 
original material when secular equilibrium occurs. Figure 3.7 illustrates the change of 
radioactivity for both material the original and the producer with time in example of secular 
equilibrium. 
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Figure 3.7:  Relative activity as a function of time for the decay of 𝐑𝐚 
𝟐𝟐𝟔  to 𝐑𝐧 
𝟐𝟐𝟐 , indicating 
secular equilibrium. 
 
The disintegration of Ra 
226  (1600y) → Rn 
222 (3.82d) within the Uranium series shows that 
after approximately 30 days secular equilibrium is reached, meaning that it takes 
approximately 7 half-lives for the daughter to approach equilibrium with its parent.  
This occurs for decays of long lived primordial radionuclide decay chains, specifically  Th 
232  
and U 
238 .  When the growth and decay rates of each radionuclide in the decay chain are equal, 
radioactive equilibrium has been established in the whole chain. As a result, in measured 
samples secular equilibrium can often be considered to be present. Therefore, if the activity 
of one radionuclide in a decay chain can be measured, one can assume that the same activity 
can be assigned to the radionuclides in that chain if equilibrium is assumed.    
3.4.2 Transient equilibrium  
Transient equilibrium happens when the parent half-lives is slightly longer, but a similar 
order of magnitude than that of the progeny or daughter. This is expressed as: 
…. (3.35) 
 
A2
A1
=  λ2 /(λ2 − λ1) …. (3.36) 
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The activity of the daughter reaches a maximum such the rate of formation of the daughter is 
same as the rate of the disintegration of the parent. After that, the activity progeny becomes 
greater than that of the parent.  The figure below shows the change in the radioactivity for 
both materials with time, in example of transient equilibrium. 
 
 
Figure 3.8:  Rlative activity as a function of time for the disintegration of 𝐏𝐛 
𝟐𝟏𝟐  to 𝐁𝐢 
𝟐𝟏𝟐 , 
indicating transient equilibrium 
 
Figure 3.8 shows the decay of Pb 
212  (𝑡1
2
= 10.64 h) to Bi 
212 (t1
2
= 60.55 m). The ratio 
between the parent and the daughter activities is estimated by A2/A1with time approaching 
the constant value 1.104. 
3.4.3 Non-Equilibrium  
This is characterized by the parent nucleus disintegrating at a rate which exceeds that of the 
daughter nucleus. The half-life of the parent is less than the half-life of its daughter, thus 
leading to no equilibrium. The figure below shows that the activity of the disintegration 
product reaches a maximum at a finite time then gradually decline whiles the parent 
disintegration away. The following figure shows the change in radioactivity for both of 
materials with time, as an example of neutral equilibrium. 
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Figure 3.9: Relative activity as a function of time for the decay of 241Am to 𝐍𝐩 
𝟐𝟑𝟕 . 
 
𝐴2
𝐴1
=
𝜆2
𝜆2−𝜆1
(1 − 𝑒−(𝜆2−𝜆1)𝑡) …(3.37) 
The figure above is an example on the neutral equilibrium of disintegration of artificial 
radioactive nuclide, Am 
241  (𝑡1 2⁄ = 432.2 years) to  Np 
237 (𝑡1 2⁄ = 2140000 years). 
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Chapter 4: Origin and Radiological Characteristics of 
NORM 
 
4.1 Origin and Radiological Characteristics of NORM  
 
In 1904, the primary reports of natural occurring radioactive material (NORM) associated 
with mineral oil and natural gases appeared [MCL04]. Later research described the 
appearance of Ra 
226  in reservoir water coming from oil and gas fields [KOL85], while many 
other geological studies in the 1970s and 1980s renewed the interested of NORM [GES75, 
SHE90, TAN80, JON97 and WAL88]. 
The decay chains of U 
238  and Th 
232  are the naturally-occurring sources for the radionuclides 
that were identified in oil and gas streams. These chains are headed by parent radionuclides 
which are characterized by very long half-lives, and are widespread in the ground. The types 
of the rocks (i.e. the local geology) present in the surrounding earth, play the main role in 
determination of the activity concentrations in the ground. Several daughter radioisotopes of 
different elements and of diverse physical features (e.g., decay half-lives, modes of decay, 
and types and energies of emitted radiation) are produced following the radioactive decays of 
Th 
232  and U 
238  (Figs 4.1 and 4.2, and Table 4.1) [KIN97]. 
Table 4.1: Characteristic radioactive decays of naturally occurring radionuclides associated 
with oil and gas production, taken from  [KIN97]. 
Radionuclide Half-life Mode of decay Main decay product(s) Decay series 
Ra 
226  1600a Alpha Rn 
222  𝑛𝑜𝑏𝑙𝑒 𝑔𝑎𝑠 238U 
Rn 
222  3.8235 d Alpha Short lived progeny 238U 
Pb 
210  22.30 a Beta Po 
210  𝑎𝑙𝑝ℎ𝑎 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 238U 
Po 
210  138.40 d Alpha Pb 
206  𝑠𝑡𝑎𝑏𝑙𝑒 238U 
Ra 
228  5.75 a Beta Th 
228  232Th 
Th 
228  1.9116 a Alpha Ra 
224  232Th 
Ra 
224  3.66 d Alpha Short lived progeny 232Th 
 
The NORM from several oil and gas fields has been analysed by a number of authors and 
found that the solid materials inside the wells and on the production facilities surface do not 
contain significant U 
238  and Th 
232  deposits [JON97]. These isotopes are not removed from 
the reservoir rock that contains the formation water, gas and oil (Figs 4.1 and 4.2). Strontium, 
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calcium, radium and barium are elements of Group II of Periodic Table are found in the 
formation water and can be dissolved from the reservoir rock. As a result, the formation 
water contains the radium isotopes Ra 
224  and Ra 
228  from the Th 
232  series (Fig. 4.2) and 
Ra 
226  from the U 
238  series (see Fig. 4.1). The water co-produced from either gas or oil 
contains the three radium isotopes, but not their parents in significant quantities. Oil sludge 
and scale sometime contains the radionuclide Th 
228 , possibly as a decay product of the 
mobilized Ra 
228  [API97, LYS97, IAEA03]. 
The noble gas  Rn 
222  is carried by the mixed stream of gas, oil and water which is created in 
the reservoir rock following the decay of Ra 
226 . From the production zone or oil field the 
radioactive gas moves with the water-gas stream and dry export gases (Fig. 4.1). A thin film 
of Pb 
210  can accumulate on the gas equipment and transport facilities. This isotope is 
produced from the decay of short lived progeny of Rn 
222  which sticks to inner surfaces of gas 
lines [IAEA03]. 
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Figure 4.1: Schematic of the 238U decay series and its geological mobilization mechanisms. 
This figure is taken from [IAEA03]. 
 
 
 
  
38 
 
 
Fig 4.2: Schematic of the 232Th decay series and its geological mobilization mechanisms. 
This figure is taken from [IAEA03]. 
 
4.2 Oil and Gas Industry Waste 
The operation of gas and oil facilities generates large quantities of solid and liquid wastes. 
The oil and gas industry produce different sorts of NORM waste such as produced water, 
sludge and scales and contaminated effluents. Additional quantities of waste are produced 
through decontamination activities, decommissioning and rehabilitation of the production 
facility and associated waste management and treatment facilities [PAG99, HAG05]. The 
activity concentrations of the dispersed wastes in the environment may have radiological 
impacts on the public and workers [IAEA03]. 
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4.3 Produced Water 
The main waste from oil and gas industry is produced water, which varies in volume 
according to the installations and lifetime of a field from between 1.5–30 m3/d for gas 
production and 2400–40 000 𝑚3/d for oil producing facilities [NEF11, IAEA03]. Th 
228  is 
not found in produced water in particularly high concentrations. However, there can be a the 
order of hundreds of becquerels per litre of Ra 
226 , Ra 
228 , Ra 
224  and Pb 
210  
[LYS97,IAEA03,IAEA10]. Norwegian offshore oil production installations showed survey 
recorded the mean concentrations 2.1 Bq/L of Ra 
228  and 4.1 Bq/L of Ra 
226 , whilst the  
individual facilities might reach levels of concentration which  were approximately 50 times 
higher [LYS97]. While the radionuclides differ in their concentration ratios, Ra 
226 ,  Ra 
228  
and  Pb 
210  are considered to be the dominant radionuclides [IAEA03]. 
4.3.1 Examples of disposal methods for produced water 
The huge quantities of produced water affect its storage and proper disposal; they also inhibit 
treatment and storage in proper way. Applying the treatment on contaminants, either 
radioactive or non-radioactive, is impractical. In spite of that some type of treatment is often 
needed to meet the levels set by regulatory bodies with respect to non-radioactive 
contaminants such as dispersed and dissolved hydrocarbons. There have been a lot of 
methods that have been used to dispose of produced water, such as by reinjection into the 
reservoir. A second possible method is to distribute the produced water into marine waters. 
There are several other methods used by many oil and gas companies in various countries in 
the world, one of which is discharge into seepage Lagoons [IAEA03]. 
i. Reinjection into the Reservoir  
Reinjection of the produced water which was originally formed back into the reservoir is a 
widespread method at offshore and onshore production facilities, despite technical constraints 
such as the ability for breakthrough into production wells [AME92]. This disposal method 
does not increase any radiological risks provided that the radioactive materials in produced 
water are injected with the same concentration or less to the formations from which it was 
taken. If such a method of disposal is chosen, it must be supported by an appropriate risk 
assessment [FAK09, IAEA03]. 
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ii. Discharge into Marine Waters 
A lot of oil and gas production companies operating at the continental shelf dispose of the 
produced water directly into the sea and estuaries [IAEA03, NEF02]. The largest offshore oil 
field in the world is the Statfjord discharged an average of 194000 barrels/day of treated 
water to the Norwegian sector of the North Sea in 1992. Another example, in 1991 
approximately 549 million litter of produced water per a day were discharged to US water of 
the Gulf of Mexico. Furthermore there are other parts of the world discharged the treat water 
to the ocean but the volume is unknown also the chemical and physical characteristics like 
the former Soviet Union, Arabian Gulf, Africa and South America [NEF02]. 
 These methods of discharge of NORM in some countries undergo little or no regulatory 
requirements, compared to other countries’ regulatory bodies.  There are some international 
maritime conventions, for example, the Convention for the Protection of the Marine 
Environment of the North-East Atlantic, 1992 (the OSPAR Convention). Another example is 
the Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other 
Matter, 1972 (the London Convention). Numerous reports deal with the destiny of the 
radionuclides and its hazard beside the discharge of the contaminated produced water in Gulf 
of Mexico and depend partially on monitoring results [e.g., Q8COM – KOCOI][MUL92, 
HAM92]. The modelling of dispersion and exposure pathways is what define the discharge 
risk assessments from platforms on the Dutch continental shelf. These hazard evaluations on 
people are strongly based on local conditions like whether the location is an estuary, open sea 
and/or coastal.  It is also based on the level of conservatism applied in the dispersion and 
exposure pathway modelling. The hazard evaluation is significant and has many advantages 
mainly for regulatory requirements with respect to this method of disposal [IAEA03]. 
iii. Discharge into Seepage Lagoons 
The produced water from some oil fields located onshore is discharged via the made-up 
Lagoons, seepage or ponds holes, (Fig. 4.3) taken from Minagish oil field which is the focus 
of this thesis. The water from Lagoons will evaporated over time and leaves a residual layer 
of radioactive material correlated with the soil. This can subsequently require corrective 
action in accordance with radiation protection principles. According to the estimation of 
coastal Louisiana, United States of America there are 30,000 contaminated waste pits and 
bottom sediment sites [PAR98, IAEA03]. 
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Fig 4.3: Photograph of a lagoons of produced water, taken from GPS [29.01619,49.58583] 
 
 
Figure 4.4: Photograph Evaporation Lagoon of produced water combine with residual oil in 
Minagish field (GC-28)  in State of Kuwait. 
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4.4 A brief history of oil production in Kuwait  
 
Seventy five per cent of the world's oil is located in the Middle East region and Kuwait has 
significant petroleum resources. Kuwait is considered to be one of the long-term major oil 
producers with the fourth biggest oil reserves in the world [Q8COM]. 
Operation and exploration and drilling for oil and gas production processes began in 1913, 
when the first geological survey was conducted by the British Royal Marine mission who 
found shallow oil and gas zones.  Geological surveys were conduction for the Bahra and 
Burqan oil fields in 1917, 1922, 1932 and 1934 [CHI12]. During this period there were many 
efforts for international oil companies to get the opportunity for oil exploration in Kuwait.  
Sheikh Ahmad Al-Jaber Al-Sabah formally granted the first Kuwait oil concession to Kuwait 
Oil Company Limited in 1934 December, which was formed by the Gulf Oil Corporation 
(now Chevron) and the Anglo-Persian Oil Company (now BP). Oil was discovered on 22nd 
February 1938, when technical reports confirmed this in Burgan, located in the desert in 
south eastern Kuwait. The first cargo of crude oil was exported out of Kuwait in 1946 
[Q8COM]. 
Kuwait started negotiations to regain control over its own natural oil resources together with 
other Arab oil producing states in the beginnings of the 1970s. The shareholding was 
progressively increased by the State in Kuwait Oil Company until total control was obtained 
in March 1975.  In December 1975 Kuwait’s oil industry was nationalised. 
The quantity of oil or gas depends on the natural features of reservoir rock such as porosity, 
the degree of saturation hydrocarbons, the size of the saturated part of the rock, the degree of 
permeability of the rock, in addition to the geometric dimensions of the reservoir layer. The 
calculation of oil reserves can be done from the knowledge of all these features. Figure 4.5 
illustrates the oil field locations that followed the Oil Company in Kuwait [KOCOI]. 
Like other oil-producing countries Kuwait used the evaporation method of produced water to 
get rid of it; this method required the creation of large area lagoons to evaporate the produced 
water. The hot desert climate also played a role in choosing this method which became 
common across the Arabian Gulf. 
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The samples measured in this thesis were taken from the oil field located to the southwest of 
Kuwait city, called the Minagish oil field, with its produced water lagoon centred at 28 (GC-
28) location (29.01619, 49.58583). The size of the lagoon is 200m by 200m, and it is 
surrounded by asphalt edges to preserve its shape of the lagoon and to prevent sand sliding 
into the lagoon.  
 
 
Figure 4.5: Map indicating the locations of oil and gas fields in Kuwait. This figure is taken 
from [KOCOI]. 
 
 
  
44 
 
Chapter 5: Sample Collection, Preparation and 
Measurement. 
 
Samples were taken from the region of the lagoon of the busiest oil field in Kuwait. The 
location of the collection lagoon is shown in the map in figure (5.1). All samples were taken 
initially to the environment laboratory at radiation protection department in Ministry of 
Health of the state of Kuwait, where the samples initially prepared.  
 
5.1 Experimental procedure 
The purpose of environmental sampling and analysis is to obtain information of the sampling 
site being investigated. Sampling must be done in a systematic way to ensure an accurate 
representation of the distribution of NORM materials in the environment. There are many 
methods for sample collection; according to the IAEA, the most commonly used are (i) 
systematic grid; (ii) systematic random; (iii) search; (iv) transect sampling; (v) judgmental;  
and (vi) random [IASO04]. For this thesis the plan for the sampling locations was distributed 
in a grid pattern with a grid width of 10 m along edge of the Minagish oil lagoon. There was 
a problem with this pattern of collecting all of the samples and therefore, the pattern had to be 
changed to collect from the edges of the lagoon only; this was due to swamp formation which 
made it difficult/impossible to reach the centre of the lagoon on foot for sample collection. 
The research consisted of analysis of 100 separate sand and soil samples of which 80 samples 
were collected from around the edges of the Minagish produced water lagoon. Twenty 
additional samples were taken from outside of the lagoon as measurements of ‘natural 
background’ in the location. Figure 5.1 shows the geographical location of the Minagish oil 
lagoon.  
The collection of the soil and sand was done using a steel shovel with all samples 
taken from 1 m from the edge of the lagoon. Each sample was taken at a depth of 5 cm depth 
and covering 10-15 cm square on the surface. Samples around 1.5 kg each were then put into 
plastic bags, numbered and relevant information noted (i.e., sample GPS location, date and 
time of sample, original or substitute location, sample number or id). After the samples were 
collected, they were sealed, the samples and taken to the environment laboratory of radiation 
protection department in ministry of health of state of Kuwait for further processing and 
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preparation procedures. The Marinelli beakers were filled with samples in Kuwait and then 
shipped to UK to be measured in the university of Surrey Environmental Radioactivity 
Laboratory.  The preparation of the sampling grid conducted using suitable GIS software 
such as arcgis [QGIS]. 
 
 
Figure 5.1: The Minagish lagoon showing the sample collection location. 
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Figure 5.2:  Minagish lagoon showing the sample collection locations. 
 
 
 
Figure 5.3: The dimensions of the 530G-E 500 ml Marinelli beaker (b) actual Marinelli 
beaker used in the sample measurements presented in this thesis. 
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5.2 Sample Preparation   
After the sample collection, the samples were sent in the Summer of 2015 to the 
Environmental radioactivity laboratory at Radiation Protection Department in the Ministry of 
Health, Kuwait. The samples were sieved to separate unwanted impurities such as grit, twigs 
and glass, by using a 4mm sieve. The homogenised samples were then placed in a flat 
stainless steel tray to dry the samples at room temperature for 48 hours. After this, a drying 
oven was used for 24 hours at 105℃  in order to remove any excess moisture found in the 
samples. After drying the samples, they were placed in a Crusher Machine (Fritsch) and 
ground to achieve a homogenous consistency. The hard portions were ground again, and the 
hard portions which failed to grind were excluded/reomved. The sieved, dried and 
homogenised samples were then transferred to individual Marinelli beakers (530G-E) of 
volume 500 ml  (see Figure 5.3) and then sealed with tape to inhibit any gaseous progenies 
from escaping from the beakers. In order to ensure equilibrium between 226Ra and 222Rn, the 
samples were then stored for at least one month before spectrometric measurements. 
 
(A) 
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(B) 
 
(C) 
Figure 5.4: Sand preparation for the current study (A) the samples placed in a flat stainless 
steel tray to dry by drying oven, (B) use the sieve to get the homogeneous samples (C) fill the 
Marinelli beakers and seal it to prepare for measurements. 
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5.3 Detector system Setup 
A high efficiency HPGe is detector was used in this research, for optimum measuring 
samples results the detector is shielded to reduce the amount of radiation from background 
sources to reaching the detector, assuming the samples have low energy the background 
energy will effect on the measuring if the shield is not used [GIL08]. The calibration 
procedure for both the energy and the efficiency were done before the measurements started. 
Absolute Full-energy Peak Efficiency calibrations were conducted using a prepared reference 
sources of Ra 
226 , Th 
232 , NG3 and Eu 
152 . The standard calibration sources were each 
measured for 24 hours. Energy calibration was done by using Genie 2000 software [SUN98] 
and was checked using the 152Eu standard Marinelli source available in the laboratory. Each 
week a routine check to the efficiency calibration was conducted to make sure the 
experimental set-up was stable during the research work. 
 
Figure 5.5: Schematic diagram of the High-Purity Ge detector system used in this 
experiment. MCA= Multi-Channel Analyser; VDU= Visual Display Unit. Figure taken 
from [PPR08] 
5.4 Sample Measurement 
A background spectrum for a Marinelli beaker filled with de-ionozed water was measured for 
48 hours to determine the background and noise levels from the HpGe detector. This 
spectrum can be normalised for time of acquisition and subtracted channel by channel from 
each sample’s measured spectrum to obtain a ‘background subtracted’, net count spectrum of 
the sample unhindered by detector noise and random background. All samples were 
measured for 48 hours equal to the duration time required to calibrate the efficiency using 
each Marinelli source. The U 
235 , U 
238  and  Th 
232  decay chains were analysed to check the 
detector gain matching and accuracy of the result.  Secular equilibrium was assumed between 
Ra 
226  and its decay daughters, in particular 214Bi and 214Pb. The activity concentration of 
232Th was deduced using gamma-ray transitions associated with decays of 228Ac, 212Pb and 
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208Tl. Activity concentration analysis of Ra 
226 , 232Th and  K 
40  were performed to determine 
the levels of such nuclides concentration in the measurement samples. 
 
5.5 Detector Characterization   
The HPGe detector (figure 5.6) is the device used in this research for gamma-ray 
spectrometry and requires careful energy and detection efficiency characterization table (5.1) 
illustrate the specifications of the detector. Knowledge of the detector’s full-energy peak 
detection efficiency in the counting conditions is required to obtain accurate measurements of 
radionuclide activity [DAZ01]. It is preferable to measure the spectrum long enough to reach 
the precision statistics of the peaks used in calibration [TID07]. Also, the efficiency of the 
source counts relies on its density and shape.  Ideally, the shape and the geometry of the 
source should be identical to the calibration sources, with a similar density to the samples that 
are to be compared with. The effect of differences in source density can be measured and 
evaluated using the difference density calibration sources. For example, the densities of the 
standard reference sources used were 1.1 g/cm3 (for the Th 
232   and Ra 
226  ) and 1.6 g/cm3 
(for the Eu 
152  and NG3 sources) [HUD10].  The density of the samples ranges from ~1.3-1.5 
g/cm3(colleague samples density). Comparison between the source and samples densities 
shows the difference in the self-attenuation for gamma rays between them is small and can be 
ignored in the subsequent analysis. 
Table 5.1: Canberra coaxial germanium detector specifications 
Detector Model GCW2021 
Serial number b 06308 
Geometry "Coaxial one open end open end facing window " 
Diameter 62 mm 
Length 48 mm 
Distance from window 10 mm 
Bias voltage (V dc) (+)3000 V dc 
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Figure 5.7: schematic diagram of the germanium detector and illustration of the dimensions 
of marinelli beaker. 
 
5.5.1 Energy calibration 
Before any measurement could be made, an energy calibration was performed, the purpose of 
which was to derive the relationship between the peak positions in channel number and the 
corresponding characteristic gamma-ray energies in units of keV. This can achieve by 
Figure 5.6: 
(a)HPGe detector. 
(b) Top view of HPGe 
detector and shielding 
with lead covered by a 
layer of cadmium and 
layer of copper. 
a b 
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measuring the spectrum of a known standard source and comparing the measured peak 
positions with the known energies. The calibration energies used should cover the full energy 
range over which the spectrometer is to be used [GIL08]. 
The decay chain of 232Th and its progeny, with discrete gamma-ray energies up to 2.614 
MeV, it used as standard source for energy calibration because it covers the entire gamma-ray 
spectrometry ranges used. The main gamma rays lines of the 232Th standard reference source 
are listed in table 2.5. The standard reference source was sealed and spaced in a 550 ml 
Marinelli beaker and placed over the top to surround the HpGe detector. The certified source 
activity is ~1.08 kBq and the calibration spectrum was collected for 172,800 secs (i.e. two 
days). The peak channel centroid positions were compared with the energies determined from 
the standard within the calibration source. The energy calibration was repeated weekly to 
make sure there is no drift in the detector, so that getting best measurements quality, and it 
should be done initially before the measuring [GIL08].  
Initially, the Eu 
152  standard source was used for the energy calibration. The certified activity 
of the source was 3.02 kBq on 20th Feb 2009. Its activity was calculated to be 2.33 kBq when 
the measurement were done, (1860 days from certified date and knowing the 152Eu half-life is 
13.517 years) using equation (5.1) to calculate the isotope activity, with characteristic 
gamma-ray energies ranging between  121 keV and 1.408 MeV.  Finally, the 232Th source 
was preferred for the overall energy calibrations due to its wider range of energies which 
allowed tests of  linearity of response allowing good energy calibrations up to 2.614 MeV 
[GIL08]. 
𝐴 = 𝐴0𝑒
−(
0.693∗ ∆𝑡
𝑡1 2⁄
)
…(5.1) 
Figures 5.8 shows the Eu 
152  references source spectrum, showing the peak centroid positions 
in channel numbers corresponding to absolute gamma-ray energies. Figure 5.11 gives the 
observed relationship between the gamma energies and their corresponding channel numbers. 
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Figure 5.8: 𝐄𝐮 
𝟏𝟓𝟐  spectrum collected for 172,800 sec (48 hours) used for the energy 
calibration. 
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Figure 5.9: 𝐓𝐡 
𝟐𝟑𝟐  spectrum collected for 172,800 sec (48 hours) used for the energy 
calibration. 
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Figure 5.10: Gamma-ray spectra obtained from measuring four standard sources 226Ra, 152Eu, 
232Th and NG3 which were also used for the full energy peak efficiency calibration two days 
for each source. 
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Figure 5.11: Linear energy vs. channel relationship from calibration using 152Eu and 232Th 
standard reference sources. 
 
 
 
From fig. 5.11, the relation between reported gamma energies and observed centroid in 
channels appears to fits to a straight line, exhibiting a linear relationship.   
Although the calibration fit could, in principle, be obtained using only two points at the 
energy extremes, that would not take into account any non-linearity of a few channels over a 
range of several thousand [GIL08, KNO00]. To account for these nonlinearities, it is useful to 
have multiple calibration peaks at various points along the measured energy range.  
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5.5.2 Efficiency calibration  
The counting efficiency of a detector is very important in gamma-ray spectrometry because it 
relates the number of pulses counted to the number of gamma rays incident on the detector.  
Here, the symbol Ef refers to the absolute full-energy peak efficiency and is defined by the 
following equation: 
Ef =
Np
Nγ
                      …. (5.2) 
From the equation above, the ratio of the number of counts detected in the full-energy peak to 
number of gamma-ray photons emitted by source is expressed by Ef. The net gamma-ray 
counts in the full energy peak per second are given byNp.  The gamma-ray emission rate 
(gamma rays emitted per second) is expressed by Nγ. The emission rate can also be expressed 
by: 
Nγ = APγ               …. (5.3) 
 A refers to the activity of the standard source in Bq, whilst Pγ refers to the absolute gamma 
emission probability. The efficiency calibration was performed in the current work using four 
standard sources  Eu 
152 ,  Ra 
226 ,  Th 
232  and NG3. The latter is a mixed radionuclide 
containing  Am 
241 ,  Cd 
109 ,  Ce 
139 ,  Cs 
137 ,  Co 
60 ,  Co 
57 ,  Hg 
203 ,  Sn 
113 ,  𝑆𝑟 
85 , and  Y 
88 .  
The HPGe detection efficiencies for each sources at various energies has been calculated and 
are plotted in Figure (5.12). 
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Figure 5.12: Absolute full-energy peak efficiencies as a function of energy, measured using 
the four standard sources and a HPGe detector.   
 
The shape of the curve can be explained by the relative importance of the three major 
interaction process of gamma-ray with matter discussed in Chapter Three.  Through gamma-
ray energy diversity the dominant interaction is changed [DEB88]. This is more significant in 
the range less than 200 keV when gamma-ray energies interact predominantly with Ge 
detector (Z=32) via the photo-electric effect. In this process, the incident photons transfer all 
of their energy to bound electrons and are completely absorbed, thereby contributing to the 
overall full-energy peak efficiency of the detector. Between ~100 keV and 3 MeV, the 
Compton Effect dominates which causes the gamma-ray photons to scatter and escape from 
the detector. In this regime, some of the gamma-ray photons escapes from the detector rather 
than contribute to the full-energy peaks and thus a decrease in the efficiency is noted at these 
energies. At very high energies (above 5 MeV),  the pair production process can become 
dominant.  
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5.6 Gamma Spectrum Analysis  
Gamma spectroscopy is a powerful technique for the identification of unknown radionuclides 
in environmental samples. It can also be used to determine the activities of the individual 
constituents within the sample matrix. This is done after energy and efficiency calibration of 
the HPGe detector. The derived spectrum from a soil samples were analysed. A number of 
radionuclides in the sample were identified by comparing their gamma-ray energies with 
known energies from published references. 
 5.6.1 Activity Concentration 
In many localities on the earth the natural radioactivity levels differs only within narrow 
ranges, but in some places there are big changes from normal levels this is because of 
unusually high concentrations of NORM radioisotopes in the local soil [MER08]. One of the 
difficulties of direct determination of the activity of  U 
238  and  Th 
232  is due to their low 
intensities or low associated decay gamma-ray emission probability. The main issue is that 
the direct decays of these nuclides do not populate excited states in the daughter nuclei with 
easy to detect characteristic gamma-ray emissions. Their activity concentration determination 
relies on measuring decays from grand-daughters such as 228Ac, 212Bi and 212Pb and using the 
assumption of secular equilibrium. When they reach a state of secular equilibrium, their 
activities can be estimated using several intensive gamma-ray lines of their grand-daughter 
products (see chapter three section on radioactive equilibrium).  
Most of the identified radionuclides present in the spectra from all the samples studies in the 
present thesis belong to decays within the U 
238  and  Th 
232  radioactive decay chains as well 
as the singly decaying primordial nucleus K 
40 , similar to that expected for the background 
spectrum. However, some gamma-ray energy peaks that are not detected in the background 
spectrum appear in the soil samples spectra. The significant radionuclides identified in the 
samples are associated with direct decays of Ra 
226 ,  Pb 
214  and  Bi 
214  from the U 
238  decay 
chain and Ac 
228 ,  Pb 
212 ,  Bi 
212  and Tl 
208  from the Th 
232  decay chain. All spectra show a 
signature traces of residues nuclear weapon testing and nuclear accidents in the form of 
Cs 
137 , which exists in very small amount in the study area. Similarly, decays from K 
40  are 
observed in all the sample spectra.  
The gamma line of interest in the  U 
238  determination is that associated with the alpha decay 
of Ra 
226 , which has a characteristic energy of 186.2 keV. Its analysis has to be corrected to 
remove the contribution of a doublet line at energy 185.7 keV associated with the 
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(competing) alpha decay from U 
235 . This is done using a corrected gamma-ray emission 
probability of 0.0623 by use the mathematical equation instead of a branching ratio of 0.0353 
[NEW08]. The activity concentrations of  Ra 
226  in all the samples in the current thesis has 
been determined by using the weighted mean activity concentration values deduced for its 
daughter products, mainly  Pb 
214  and  Bi 
214  [WNAOR, CEM09, TUR07]. In the case of the 
Th 
232  series, gamma-rays energy peaks following   Ac 
228  decay and its daughter / 
grandaughters decays were used to obtain the activity concentration values.  The activities of  
K 
40  and any anthropogenic  Cs 
137  were determined directly by measuring their individual 
single gamma-ray lines at 1460.8 keV and 661.6 keV, respectively. These were calculated 
using the equation 5.4. 
A =  
Cnet
Ef Pγ tsm
       …. (5.4)  
where Cnet is the net peak count. 
Ef= the full energy peak detection efficiency. 
Pγ= gamma emission probability corresponding to peak energy.  
ts= live time of the spectrum collection in seconds. 
m = mass of the measured sample in kg. 
Correction for Spectral Interference    
 
The percentage isotopic abundances for natural uranium are [EBA09]: 
238U= 99.27%, 235U= 0.72%, 234U= 0.0054% 
 
The decay half-lives and the gamma-ray probabilities 𝑃𝛾 : 
t1
2⁄
(238U) = 4.468× 109 years, and t1
2⁄
(235U) = 7.04× 108 years 
𝑃𝛾 (
226Ra) = 0.0359, 𝑃𝛾 (
235U) = 0.572 
 
The activity of 238U equals to the activity of 226Ra. From the equation A = 𝜆 N , the activity 
per 100 atoms of natural uranium can be written as  
A 𝑅𝑎 226 =  A 𝑈 238 =  𝜆 𝑈 238 ∗ 𝑁 𝑈 238 =  
𝑙𝑛2
t1
2⁄
( 𝑈 238 )
∗ 𝑁 𝑈 238
=
𝑙𝑛2
4.468 × 109 ∗ 365 ∗ 24 ∗ 60 ∗ 60
∗ 99.27 = 4.884 × 10−16 
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A 𝑈 235 =  𝜆 𝑈 235 ∗ 𝑁 𝑈 235 =  
𝑙𝑛2
t1
2⁄
( 𝑈 235 )
∗ 𝑁 𝑈 238 =
𝑙𝑛2
7.04 × 108 ∗ 365 ∗ 24 ∗ 60 ∗ 60
∗ 0.72
= 2.249 × 10−17 
 
A simple mathematical calculation was provided by [EBA05] to determine the activity 
concentrations of  238U, 235U and 226Ra in the environment samples  from equation 5.3. 
 
Nγ( Ra 
226 ) = Pγ
 ( Ra 
226 ) ∗ A Ra 226 =0.0359× 4.884 × 10
−16 = 1.75 × 10−17  
Nγ( U 
235 ) = Pγ
 ( 𝑈 
235 ) ∗ A U 235 =0.572× 2.249 × 10
−17 = 1.287 × 10−17  
 
where Nγ( Ra 
226 ): is the count rate (counts / sec) due to Ra 
226  in the 186 keV energy peak. 
Nγ( U 
235 ): is the the count rate (count/sec) due to U 
235  in the 185.7 keV energy peak. 
A Ra 226 : is the activity of Ra 
226  in the sample. 
A U 235 : is the activity of U 
235  in the sample. 
 
The total count rate (counts/ sec) per 100 uranium atoms in 186 keV energy peak from Ra 
226  
and U 
235  can be calculated using  
 
Nγ(𝑇𝑜𝑡𝑎𝑙) = Nγ( Ra 
226 ) + Nγ( U 
235 ) = 1.75 × 10−17 +  1.287 × 10−17 = 3.04 × 10−17  
 
The values of Ra 
226  and U 
235  counts which contribute to the 186 keV full-energy peak can 
be written as [EBA09]: 
 
Count rate of Ra 
226 : CR Ra 226 = 0.576 × CRT 
Count rate of U 
235 : CR U 235 = 0.417 × CR𝑇 
 
where CRT: is the total count rate (count/sec) in the 186 keV energy peak. 
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Table 5.2 : Main gamma ray transitions from 238U and 232Th series used for activity 
concentration determination of all samples.  
 Uranium Series  
Nuclide Energy (keV) Decay Probability 
226Ra 
214Pb 
214Pb 
214Pb 
214Bi 
214Bi 
214Bi 
214Bi 
214Bi 
186.2 
295.2 
351.9 
241.9 
609.3 
1120.2 
1238.1 
1764.4 
2204.2 
0.03533±0.00028 
0.1828±0.0014 
0.3534±0.0027 
0.0712±0.0011 
0.4516±0.0033 
0.1478±0.0011 
0.05785±0.00045 
0.1517±0.0012 
0.0489±0.0010 
 Thorium Series  
Nuclide Energy Decay Probability 
212Pb 
212Pb 
212Bi 
228Ac 
228Ac 
228Ac 
208Ti 
208Ti 
238.6 
300.0 
727.3 
338.3 
911.2 
968.9 
583.1 
2614.5 
0.436±0.003 
0.0318±0.0013 
0.0674±0.0012 
0.1127±0.0019 
0.258±0.004 
0.1580±0.0030 
0.3055±0.0017 
0.3585±0.0007 
40K 1461 0.1066±0.0013 
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Gamma dose rates evaluation 
 
On the earth all the living organisms are exposed to gamma radiation from the different 
environmental sources. The associated radiological risks from the absorbed dose at one metre 
above source surface can be estimated by using the formula from the ICRP reference [Jack, 
2007] 
D = 0.462ARa + 0.604ATh + 0.0417AK    …. (5.5) 
Where D is the dose rate in nGy/h and A values are the measured, local specific activities of 
226Ra, 232Th and 40K respectively in Bq/kg. The dose coefficients in units of nGy/h per Bq/kg 
were taken from the UNSCEAR (2000) report [UNS00]. 
Hazard Indices Calculation 
The radium equivalent activity Raeq is the radiation internal hazard from exposure to 
226Ra.  
Natural radionuclides like 226Ra, 40k and 232Th found in the soil samples in various amount, 
and the activity level can be calculated by using common radiological index (Raeq) which can 
be calculated using: 
Raeq =  ARa + (1.43*ATh) + (0.077*Ak)  …. (5.6) 
 
Where ARa, ATh and Ak are the specific activity levels in Bq/kg of 
226Ra, 232Th and 40K 
respectively. The radium equivalent activity is 370 Bq/kg this is the maximum allowed value 
[UNS00] which corresponds to an effective dose of 1 mSv for the general public [AJA09]. 
External Hazard Index 
 The external hazard indexes based on a criterion have been introduced using a model 
proposed by Kriger (1981) [KRI81]. External exposure hazards to 226Ra can be calculated by 
using: 
 
Hex = ARa/370 + ATh/259 + AK/4810  1…. (5.7) 
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where the quantities ARa , ATh and AK are the same as for the radium equivalent activity. 
 
Internal Hazard Index 
The hazards from internal exposure of NORM and TENORM are calculated from the formula 
 
Hin = ARa/185 + ATh/259 + AK/4810  1…. (5.8) 
A value of Hin of unity or greater is considered hazardous to humans. This value should be 
less th an unity to consider the exposure rate to Radium progeny as safe. 
 
 
Annual Effective Dose Calculation 
The annual effective dase to humans can be calculated by the following formula: 
AED(mSv/yr) = D(nGy/hr) * 24(hr/day) * 365(day/yr) * 10-6 (mGy/nGy) * 0.7(Sv/Gy) * 0.2 
                        = D * 1.23 * 10-3 mSv/yr …. (5.9) 
where the factor 0.7 is to convert from absorbed dose in air to effective for adults. 
The 0.2 factor is based on the assumption that a person has an outdoor occupancy of 20%. 
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Chapter 6: Experimental results and discussion 
 
  6.1 Sample analysis 
One hundred samples in Marinelli beakers were measured, each for a period 2 days, in order 
to determine the activity concentrations of the 238U, 232Th and 40K. The figure (5.1) shows the 
locations of samples were collected in the Minagish lagoon . 
 
Sample spectra 
Figures (6.1 to 6.5) show examples of the measured gamma-ray spectra for samples taken 
from local geographical area and inside the boundary of the Managish lagoon.  Most of the 
identified radionuclide observed in the spectra belong to the 4n+2 and 4n decay chain 
members, in particular from the decay of 226Ra, 214Pb and 214Bi from the 238U series; and 
228Ac, 212Pb, 212Bi and 208Tl from the 232Th decay series, respectively. The gamma-ray energy 
peak from 40K at 1460.8 keV was also detected. In some spectra, some peaks at 661.6 keV 
representing the anthropogenic radionuclide 137Cs which is a known a fission product 
associated from fallout from nuclear weapon tests and nuclear accidents. The significant 
increase in the intensity of the transitions associated with the decay progeny for 226Ra (214Bi 
and 214Pb) are particularly evident in the spectra from the produced water lagoon, and clear in 
figures 6.2 – 6.5. 
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Figure 6.1 Background subtracted gamma-ray spectrum associated with decays from 𝐔 
𝟐𝟑𝟖 , 
𝐓𝐡 
𝟐𝟑𝟐  radionuclides as detected from sample (outside lagoon) 
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Figure 6.2: Spectra of Sample No. 49 from the Minagish produced water lagoon, which has 
one of the highest  measured Ac values in the current work. 
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 Figure 6.3: Spectra of Sample No. 50 from the Minagish produced water lagoon which has 
one of the highest Ac values. 
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Figure 6.4: Spectra of Sample No. 52 from the Minagish produced water lagoon which has 
one of the highest Ac values. 
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Figure 6.5 : Spectra of Sample No. 79, from the Minagish produced water lagoon which has 
one of the highest Ac values. 
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The activity concentration for each of the 80 measured soil samples inside the boundary of 
the lagoon were measured. Fig. 6.6 to 6.9 shows examples of the calculated, determined 
activity concentrations from the 226Ra decay (sub)-series for samples within the lagoon and 
also one for the natural geographical area 6.6, where the The horizontal bar lines represent 
the weighted mean values Wm and +Ve & -Ve are represent the uncertainty of the weighted 
mean (Appendix C). 
 
 
Figure 6.6: Weighted mean evaluation from background sample number 18. 
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Figure 6.6 is the analysis summary for a sample taken from soil outside the boundary of 
lagoon, and it indicates that the radium activity concentration is a little higher than its 
daughter, which can explained due to the interference in the characteristic gamma-ray 
energies associated with uranium-235 and radium-226. By contrast, Figures 6.7 and 6.8 are 
for samples taken from the boundary region of the produced water lagoon, and their analysis 
reveals much higher activity concentrations, and with essentially no difference between  the 
apparent  activity concentration energy between  radium-226 (186 keV line) and the 214Pb and 
214Bi decay daughters. 
 
 
 
Figure 6.7:  Weighted mean evaluation form Sample 48 showing gamma transitions including 
radionuclides daughters from (226Ra, 214Bi, 214Pb) from the 238U decay chain and (228Ac, 212Bi, 
212Pb 208TI) from the 232Th decay chains, respectively. 
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Figure 6.8:  Weighted mean evaluation form Sample 51 showing gamma transitions including 
radionuclides daughters from (226Ra, 214Bi, 214Pb) from the 238U decay chain and (228Ac, 212Bi, 
212Pb 208TI) from the 232Th decay chains, respectively. 
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Figure 6.9:  Weighted mean evaluation form Sample 75 showing gamma transitions including 
radionuclides daughters from (226Ra, 214Bi, 214Pb) from the 238U decay chain and (228Ac, 212Bi, 
212Pb 208TI) from the 232Th decay chains, respectively. 
 
 
 
 
The results for the entire sample cohort presented in this thesis are summarised in Fig. 6.10. It 
can be observed that there is some level of uniformity across the values. However, a number 
of clear exceptions are observed, specifically those samples from western part of the lagoon 
(sample numbers 40 – 60). This is almost certainly correlated with the location of the pipe 
bringing in the produced water being located in the same side in the lagoon. 
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Figure 6.10: Weighted mean activity concentration of the 232Th, 238U and 40K for all of the 
samples across the edges of the Minagish lagoon. 
 
The arithmetic mean value of the activity for 226Ra was 132 Bq/kg with a highest activity of 
1991 Bq/kg and lowest of 17 Bq/kg. The arithmetic mean value of the activity for 232Th was 
14.8 Bq/kg with a highest activity of 82.9 Bq/kg and lowest of 7.2 Bq/kg. The arithmetic 
mean value of the activity for 40K was 361 Bq/kg with a highest activity of 402 Bq/kg and 
lowest of 312 Bq/kg. 
 
Correlations between the measured concentrations of Thorium, 
Uranium and Potassium in the current work. 
 
Correlations between the measured activity concentrations of members of the 232Th, 238U 
chains and 40K for all are shown in Fig. 6.11 A clear correlation is shown between the 238U 
(226Ra)/232Th(228Ac) activities, which may indicate common response to soil and sand 
chemical behaviour and other environmental processes as these nuclides are being distributed 
in the environment (Xhixha et al., 2013, 2015; Hamlat et al., 2001). the correlation of 40K to 
226Ra and 232Th is very weak with correlation coefficients of 0.064 and 0.033 respectively, 
meaning that no obvious correlation between 40K and 226Ra and 40K and 232Th concentrations 
exists 
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Figure 6.11:  Activity concentration between (a) 238U (226Ra)/232Th (b) 238U (226Ra)/40K (c) 
40K/232Th for all measured samples of the Minagish’s lagoon. (All samples) 
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Figure 6.12: Activity concentration between 238U (Ra-226)/232Th (Ac-228) (upper); 238U (Ra-
226)/40 K (middle); and 232Th (Ac-228) / 40K (lower) from outside the Minagish lagoon. 
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Radiological Map of the Minagish Lagoon  
Radiological maps of the Minagish lagoon are showing the elemental concentration of 
Thorium, Uranium and Potassium by using the results of the measurements prescribed in the 
thesis. Figures 6.13, 6.14 and 6.15 are shown the coverage maps derived from the samples 
analysed in this thesis. 
 
 
 
Figure 6.13: Measured activity concentrations of 232Th in (Bq/kg) and its daughters 
across the edge of the Minagish lagoon for the 80 separate samples analysed and 20 
from outside the lagoon in this thesis work. 
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Figure 6.14: Measured activity concentrations of 226Ra in (Bq/kg) and its daughters across the 
edge of the Minagish lagoon for the 80 separate samples analysed and 20 from outside the 
lagoon in this thesis work. 
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Figure 6.15: Measured activity concentrations of 40K in (Bq/kg) and its daughters across the 
edge of the Minagish lagoon for the 80 separate samples analysed and 20 from outside the 
lagoon in this thesis work. 
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The results for the entire sample cohort presented in this thesis are summarised in Fig. 6.16 
and 6.17. It can be observed that External dose, Annual effective dose and Radium equivalent 
activity, the Hazard Indices (external and internal). 
 
 
 
 
Figure 6.16: Plot of External dose, Annual effective dose and Radium equivalent activity for 
all the samples presented in this thesis.  
 
 
 
 
 
 
 
 
Figure 6.17:  Plot of the Hazard Indices (external and internal) for all the samples presented 
in this thesis.  
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Chapter 7: Conclusions and Future Work 
  
7.1   Conclusion and Recommendations 
 
In this study 100 soil were collected from Minagish oil field lagoon from the state of Kuwait. 
Hyper Pure Germanium detector-based gamma-ray spectrometry was used to measure and 
analyse all the soil samples and obtain activity concentration estimates for 238U, 232Th and 
40K. 
The determination of the concentration and the distribution of the soil radioactivity are 
essential in establishing reference data, making possible the observation of possible changes 
due to future radiological contamination, beside that try to propose to officials in the Health 
and Safety and Environment Group in KOC solutions to reduce the contamination of the 
Lagoon. 
There are no standards in Kuwait regarding the subject of soil contaminated with natural 
radioactive materials. The standards of the International Atomic Energy Agency (IAEA), 
which rely on the high concentration of exempted radium, can be considered as 10 Bq/g. 
The evaporation lagoon in the Minagish field is radioactively contaminated with radium 
isotopes and with relatively high concentrations compared to evaporation lagoon (sand from 
outside lagoon area) in other fields. Measured concentrations of radium isotopes in the soil 
are relatively low compared to the worldly registered values registered in neighbouring 
countries of the state of Kuwait such as Syria. It is recommended to discontinue the disposal 
of produced water in the evaporation lagoon to prevent the continued contamination of the 
soil with naturally occurring radioactive materials, specifically from 226,228Ra and their decay 
daughter products. 
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Samples measurements of Minagish lagoon show that the samples which collected near from 
the pipe have high activity result compare with those samples collected away from the pipe. 
Although we have high activity samples but it is still not hazard according to the IAEA. 
The distribution of radiation concentration in the lagoon varying and it can divide the lagoon 
in two parts near of the pipe and the second part away from the pipe. Samples near the pipe of 
extraction produced water have high concentration and the samples from the second part of 
lagoon have low concentration 
The following recommendations are suggested by the author for possible remediation of this 
problem: 
1) Reinjection of produced water in abandoned wells or wells produced by 
raising pressure and yield of production.  
2) Employees to follow all procedures of radiation protection when working near 
the lagoon. This includes wearing individual protective clothing (overall, 
shoes ...) and conducting radiological surveys when leaving the location. 
3) Setting up warning signs to warn workers to approach contaminated areas and 
prefer to fence until the process of decontamination and treatment. 
4) Keeping the soil moist or fastened with asphalt MC0 to prevent the 
volatilization of dust loaded with natural radioactive materials by wind. 
5) If there is an urgent need to put the accompanying water in the environment 
for evaporation, it is preferable to construct a hole lined with high density poly 
ethylene sheets (HDPE) or a natural bentonite barrier (a mixture of Bentonite 
and Clay ) plastic material that prevents the water of a lake from reaching the 
ground. 
Further studies need to be carried out in order to allow comparison with areas or more 
lagoons; Regular soil sampling and measurement from each sampling area would also be 
useful in order to collect ongoing data as to evolution of the radiation levels in the area.  
For future study on this lagoon its better to take high density of samples from location near 
the pipe that give off the produce water (where the high activity concentration), and take low 
density of samples far away from the pipe, to save time and effort. 
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Sample no. Longitude Latitude 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
47.587806 
47.58764 
47.587482 
47.587353 
47.587207 
47.587058 
47.586899 
47.586743 
47.586512 
47.586274 
47.585859 
47.585703 
47.585703 
47.585637 
47.585649 
47.585685 
47.585708 
47.585736 
47.585757 
47.585791 
47.585831 
47.585899 
47.585997 
47.586111 
47.586213 
47.586321 
47.586447 
47.586581 
47.58675 
47.586909 
47.587002 
47.587085 
47.587188 
47.587317 
47.587443 
47.587535 
47.587616 
47.587701 
47.587798 
47.587898 
47.58578 
47.585795 
47.585805 
47.585817 
29.016787 
29.016767 
29.01674 
29.016724 
29.016704 
29.016684 
29.016657 
29.016621 
29.016583 
29.016543 
29.016302 
29.016271 
29.016169 
29.016076 
29.015992 
29.015885 
29.015781 
29.015643 
29.015507 
29.015344 
29.016189 
29.016204 
29.016228 
29.016255 
29.01627 
29.01629 
29.016319 
29.016344 
29.016362 
29.016391 
29.016409 
29.01642 
29.016433 
29.016464 
29.016486 
29.016499 
29.01651 
29.016526 
29.016546 
29.016549 
29.016176 
29.016105 
29.016041 
29.015981 
95 
 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
47.585832 
47.58585 
47.585875 
47.5859 
47.585916 
47.585973 
47.585995 
47.586017 
47.586037 
47.586047 
47.586071 
47.58609 
47.586114 
47.586132 
47.58615 
47.586165 
47.587949 
47.587971 
47.587988 
47.588012 
47.588026 
47.588048 
47.588068 
47.588088 
47.588106 
47.588125 
47.58816 
47.58819 
47.588218 
47.588232 
47.588245 
47.588271 
47.588294 
47.588312 
47.588333 
47.588351 
47.588304 
47.588193 
47.588093 
47.587988 
47.587868 
47.587743 
47.587617 
47.587493 
47.587369 
47.587257 
47.587105 
47.586993 
47.586853 
47.586717 
47.586625 
29.015912 
29.015828 
29.015732 
29.015634 
29.015532 
29.015359 
29.015248 
29.015136 
29.015045 
29.014951 
29.014866 
29.014781 
29.014688 
29.014595 
29.014508 
29.01439 
29.016523 
29.016447 
29.016351 
29.016266 
29.016179 
29.016095 
29.016015 
29.015917 
29.015812 
29.015711 
29.015599 
29.015483 
29.015362 
29.015284 
29.015204 
29.01511 
29.015001 
29.014905 
29.014813 
29.014719 
29.014645 
29.014632 
29.014612 
29.01459 
29.014579 
29.014563 
29.014545 
29.014527 
29.014511 
29.014484 
29.014468 
29.014448 
29.014424 
29.014406 
29.014392 
96 
 
96 
97 
98 
99 
100 
47.586539 
47.586442 
47.586361 
47.586286 
47.586256 
29.014377 
29.014368 
29.014355 
29.01434 
29.014335 
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Appendix C 
 
 
Determination of weighted mean 
 
 
The weighted mean is given by 
 
Mw =
∑ wiMi𝑖
∑ wi𝑖
 
 
A weighting factor is defined as 
 
wi =
1
σi
2 
 
The stander error of the weighted mean is given by 
 
σMw = √
1
w1 + w2 + ⋯ + wn
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Appendix D 
 
Tables of activities for 238U series, 
 
 232Th series and 40K respectively 
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Sample No. Ra-228 Ra-226 K-40 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
14.67± 0.15 
13.60± 0.13 
15.34± 0.15 
13.44± 0.13 
13.65± 0.13 
11.17± 0.11 
15.14± 0.15 
14.14± 0.14 
17.42± 0.17 
12.34± 0.12 
12.42± 0.12 
9.80± 0.10 
13.43± 0.12 
14.00± 0.14 
15.41± 0.15 
15.71± 0.15 
14.22± 0.14 
11.03± 0.11 
8.33± 0.09 
10.95± 0.12 
13.31± 0.15 
14.28± 0.13 
14.28± 0.13 
15.16± 0.17 
11.24± 0.11 
12.57± 0.12 
13.28± 0.15 
13.27± 0.15 
8.35± 0.10 
8.35± 0.10 
15.94± 0.17 
16.13± 0.18 
17.05± 0.19 
13.83± 0.15 
14.65± 0.15 
10.27± 0.13 
16.17± 0.17 
17.41± 0.19 
19.98± 0.21 
19.26± 0.21 
13.38± 0.15 
10.36± 0.12 
17.07± 0.19 
15.52± 0.17 
17.03± 0.19 
17.39± 0.19 
15.77± 0.17 
11.08± 0.10 
9.98± 0.12 
10.95± 0.15 
33.50± 0.28 
  128.34± 0.66 
          128.34±0.66 
          74.74± 0.46 
48.61± 0.31 
41.03± 0.28 
26.83± 0.25 
26.83± 0.24 
20.85± 0.19 
20.86± 0.19 
343 ±12 
302±11 
336±11 
356±13 
359±12 
449±19 
360±18 
340±12 
325±12 
279±10 
359±12 
392±13 
291±12 
353±12 
318±10 
347±13 
300±10 
334±13 
359±12 
394±19 
402±20 
320±11 
329±11 
360±18 
343±11 
358±12 
379±19 
379±19 
369±12 
369±12 
  
100 
 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
12.67± 0.12 
9.92± 0.15 
7.19± 0.09 
7.93± 0.09 
13.18± 0.21 
8.56± 0.10 
8.56± 0.09 
10.29± 0.10 
8.94± 0.10 
10.27± 0.10 
13.47± 0.13 
18.22± 0.17 
15.49± 0.16 
20.13± 0.19 
37.17± 0.32 
22.84± 0.20 
29.48± 0.24 
28.43± 0.24 
43.54± 0.31 
82.86± 0.48 
24.73± 0.23 
14.36± 0.14 
10.22± 0.11 
11.70± 0.12 
16.83± 0.17 
21.93± 0.18 
21.97± 0.20 
15.79± 0.15 
13.12± 0.14 
16.26± 0.15 
21.39± 0.22 
20.30± 0.24 
18.25± 0.17 
22.90± 0.18 
19.68± 0.21 
22.57± 0.19 
20.39± 0.18 
35.71± 0.25 
24.59± 0.19 
26.80± 0.21 
118.99± 0.63 
242.70± 1.2 
168.56± 0.84 
304.8± 1.4 
531.5± 2.4 
355.7± 1.6 
465.6± 2.1 
470.5± 2.1 
773.5± 3.4 
1991.3± 8.6 
539.1± 2.4 
136.67± 0.70 
56.83± 0.35 
75.60± 0.43 
175.29± 0.87 
188.13± 0.94 
250.6± 1.2 
152.06± 0.77 
108.35± 0.58 
155.43± 0.78 
375±18 
329±18 
358±12 
338±11 
368±18 
345±11 
358±12 
351±12 
349±12 
348±12 
329±11 
354±12 
347±12 
366±12 
375±18 
335±11 
360±12 
389±13 
312±11 
332±12 
359±12 
356±12 
365±12 
364±12 
337±11 
377±13 
331±11 
340±11 
357±12 
362±12 
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61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
10.27± 0.10 
13.45± 0.16 
13.45± 0.16 
9.26± 0.11 
13.15± 0.15 
12.75± 0.14 
10.92± 0.14 
10.92± 0.14 
11.96± 0.14 
12.53± 0.15 
11.29± 0.12 
9.13±0.10 
8.32±0.10 
9.95±0.11 
9.29±0.10 
9.29±0.10 
7.77±0.09 
7.77±0.09 
8.17±0.09 
8.82±0.10 
9.73±0.11 
16.32±0.17 
11.88±0.13 
11.38±0.12 
11.32±0.15 
20.75±0.20 
17.90±0.19 
16.09±0.17 
16.66±0.17 
16.75±0.17 
26.80± 0.21 
76.36± 0.47 
76.37± 0.47 
35.27± 0.25 
56.04± 0.38 
59.03± 0.38 
39.64± 0.29 
39.64± 0.29 
32.56± 0.26 
77.35± 0.47 
79.50± 0.45 
44.72± 0.29 
39.94± 0.27 
49.75± 0.32 
53.75± 0.33 
53.75± 0.33 
26.67± 0.20 
26.68± 0.20 
32.45± 0.23 
32.20± 0.23 
63.91± 0.39 
91.05± 0.55 
95.14± 0.52 
72.60± 0.44 
71.21± 0.45 
134.29± 0.74 
98.52± 0.58 
101.12± 0.58 
92.45± 0.56 
92.55± 0.65 
362±12 
348±12 
395±19 
395±19 
389±13 
380±19 
370±18. 
376±18 
376±18 
378±18 
377±18 
369±12 
349±12 
382±13 
375±12 
364±12 
364±12 
356±12 
356±12 
357±12 
358±12 
364±12 
385±19 
343±11 
353±12 
318±16 
351±17 
375±18 
364±18 
391±19 
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91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
13.15±0.15 
13.06±0.13 
16.07±0.17 
13.96±0.16 
13.96±0.16 
12.74±0.14 
13.36±0.17 
13.40±0.18 
9.76±0.13 
8.39±0.12 
52.80±0.37 
101.93±0.56 
82.80±0.50 
53.82±0.37 
55.14±0.38 
54.24±0.37 
85.24±0.55 
85.24±0.65 
19.77±0.21 
16.85±0.19 
375±18 
346±12 
375±18 
385±19 
375±18 
378±18 
355±12 
355±12 
388±19 
341±17 
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Table : External dose, Annual effective dose, Radium equivalent activity and Hazard Indices 
all the samples presented in this thesis.  
 
Sample 
No. 
External dose D 
(nGy/h) 
Annual 
effective dose 
(μSv/y) 
Radium 
Equivalent 
Activity 
(Bq/kg) 
External 
Hazard Index 
Hex 
Internal 
Hazard Index 
Hin 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
30.53± 0.66 
28.26± 0.59 
31.16± 0.64 
29.38± 0.69 
29.98± 0.64 
30.21± 0.93 
31.64± 0.93 
30.76± 0.66 
33.31± 0.70 
27.99± 0.59 
28.67± 0.64 
27.05± 0.66 
28.13± 0.66 
30.37± 0.66 
30.45± 0.60 
32.01± 0.70 
28.41± 0.59 
26.17± 0.65 
24.61± 0.60 
28.10±  0.94 
40.26±  1.03 
81.26±  0.83 
81.25± 0.82 
58.71±  1.04 
43.54±  0.68 
41.48±  0.69 
36.21± 0.97 
36.20± 0.97 
30.07± 0.65 
30.07± 0.65 
33.17±  0.94 
29.09± 0.94 
27.70± 0.62 
37.56± 0.82 
34.76± 0.74 
38.33± 0.80 
36.14± 0.85 
36.88± 0.79 
37.16± 1.15 
38.91± 1.14 
37.84± 0.82 
40.97± 0.87 
34.43± 0.73 
35.27± 0.79 
33.27± 0.82 
34.61± 0.82 
37.35± 0.82 
37.46± 0.74 
39.37± 0.86 
34.94± 0.73 
32.18± 0.81 
30.27± 0.74 
34.56± 1.17 
49.52± 1.28 
99.95± 1.02 
99.94± 1.02 
72.22± 1.29 
53.55± 0.85 
51.03± 0.86 
44.54± 1.20 
44.53± 1.20 
36.98± 0.81 
36.99± 0.81 
40.80± 1.16 
35.78± 1.17 
34.07± 0.77 
63.34± 1.30 
58.83± 1.17 
64.88± 1.27 
60.51± 1.35 
61.81± 1.25 
60.81± 1.78 
65.56± 1.79 
63.81± 1.31 
69.92± 1.39 
58.40± 1.17 
58.82± 1.24 
54.55± 1.28 
58.68± 1.29 
62.76± 1.29 
63.58± 1.19 
66.61± 1.37 
59.25± 1.16 
53.56± 1.26 
49.53± 1.16 
56.94± 1.81 
83.46± 2.00 
173.39±1.68 
173.39±1.67 
124.17±2.06 
91.07± 1.35 
86.59± 1.37 
74.98± 1.88 
74.97± 1.87 
61.21± 1.27 
61.22± 1.27 
68.37± 1.81 
59.82± 1.83 
56.09± 1.21 
0.17± 0.004 
0.16± 0.003 
0.18± 0.003 
0.16± 0.004 
0.17± 0.003 
0.16± 0.005 
0.18± 0.005 
0.17± 0.004 
0.19± 0.004 
0.16± 0.003 
0.16± 0.003 
0.15± 0.003 
0.16± 0.003 
0.17± 0.003 
0.17± 0.003 
0.18± 0.004 
0.16± 0.003 
0.14± 0.003 
0.13± 0.003 
0.15± 0.005 
0.23± 0.005 
0.47± 0.005 
0.47± 0.005 
0.34± 0.006 
0.25± 0.004 
0.23± 0.004 
0.20± 0.005 
0.20± 0.005 
0.17± 0.003 
0.17± 0.003 
0.18± 0.005 
0.16± 0.005 
0.15± 0.003 
0.21± 0.004 
0.20± 0.004 
0.22± 0.004 
0.20± 0.004 
0.21± 0.004 
0.19± 0.005 
0.22± 0.005 
0.22± 0.004 
0.24± 0.004 
0.21± 0.004 
0.20± 0.004 
0.18± 0.004 
0.20± 0.004 
0.21± 0.004 
0.22± 0.004 
0.23± 0.004 
0.20± 0.004 
0.18± 0.004 
0.16± 0.003 
0.18± 0.005 
0.32± 0.006 
0.82± 0.006 
0.82± 0.006 
0.54± 0.007 
0.38± 0.005 
0.34± 0.004 
0.28± 0.006 
0.28± 0.006 
0.22± 0.004 
0.22± 0.004 
0.24± 0.005 
0.22± 0.006 
0.20± 0.004 
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Sample No. External dose D 
(nGy/h) 
Annual 
effective dose 
(μSv/y) 
Radium 
Equivalent 
Activity 
(Bq/kg) 
External 
Hazard Index 
Hex 
Internal 
Hazard Index 
Hin 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
29.44±0.60 
32.41±0.97 
29.97±0.61 
29.53±0.63 
37.33±0.66 
31.32±0.63 
33.11±0.63 
76.84±0.82 
137.89±1.14 
101.71±0.96 
168.26±1.29 
283.61±2.07 
192.09±1.35 
247.93±1.62 
250.78±1.67 
396.64±2.21 
983.89±4.74 
278.95±1.76 
86.67± 0.90 
47.67± 0.73 
57.18± 0.77 
105.20±0.97 
115.89±1.06 
142.87±1.14 
93.97± 0.92 
72.86± 0.84 
96.74± 0.95 
33.11± 0.63 
59.85± 1.11 
59.86± 1.11 
38.09± 0.71 
49.70± 1.04 
50.42± 1.01 
40.58± 0.98 
36.22± 0.74 
39.86± 1.20 
36.87± 0.76 
36.32± 0.78 
45.92± 0.81 
38.52± 0.78 
40.72± 0.79 
94.52± 1.02 
169.60±1.40 
125.10±1.19 
206.96±1.59 
348.84±2.55 
236.27±1.66 
304.96±2.00 
308.46±2.06 
487.87±2.73 
1210.18±5.83 
343.10±2.17 
106.60±1.11 
58.63± 0.91 
70.33± 0.96 
129.40±1.20 
142.54±1.31 
175.73±1.41 
115.58±1.13 
89.62± 1.04 
118.99±1.18 
40.72± 0.79 
73.62± 1.37 
73.63± 1.37 
46.85± 0.88 
61.13± 1.28 
62.02± 1.25 
49.92± 1.21 
60.23± 1.17 
66.88± 1.90 
61.36± 1.20 
60.21± 1.22 
77.42± 1.29 
64.26± 1.22 
68.31± 1.24 
163.61±1.66 
296.00±2.34 
217.44±1.95 
361.81±2.65 
613.46±4.29 
414.14±2.81 
535.49±3.39 
541.13±3.49 
859.74±4.69 
2135.39±10.17 
602.05±3.69 
184.63±1.82 
99.59± 1.45 
120.37±1.54 
225.31±1.98 
248.53±2.16 
307.55±2.35 
200.83±1.86 
154.59±1.69 
206.59±1.93 
68.30± 1.24 
125.97±2.18 
125.98±2.18 
78.43± 1.39 
104.14±2.02 
105.79±1.98 
84.20± 1.90 
0.16±0.003 
0.18±0.005 
0.17±0.003 
0.16±0.003 
0.21±0.003 
0.17±0.003 
0.18±0.003 
0.44±0.004 
0.80±0.006 
0.59±0.005 
0.98±0.007 
1.66±0.012 
1.12±0.008 
1.45±0.009 
1.46±0.009 
2.32±0.013 
5.77±0.027 
1.63±0.010 
0.50±0.005 
0.27±0.004 
0.33±0.004 
0.61±0.005 
0.67±0.006 
0.83±0.006 
0.54±0.005 
0.42±0.005 
0.56±0.005 
0.18±0.003 
0.34±0.006 
0.34±0.006 
0.21±0.004 
0.28±0.005 
0.29±0.005 
0.23± 0.005 
0.22± 0.004 
0.23± 0.006 
0.23± 0.004 
0.22± 0.004 
0.31± 0.004 
0.24± 0.004 
0.26± 0.004 
0.76± 0.006 
1.46± 0.009 
1.04± 0.008 
1.80± 0.011 
3.09± 0.018 
2.08± 0.012 
2.71± 0.015 
2.73± 0.015 
4.41± 0.022 
11.15± 0.051 
3.08± 0.017 
0.87± 0.007 
0.42± 0.005 
0.53± 0.005 
1.08± 0.008 
1.18± 0.008 
1.51± 0.010 
0.95± 0.007 
0.71± 0.006 
0.98± 0.007 
0.26± 0.004 
0.55± 0.007 
0.55± 0.007 
0.31± 0.004 
0.43± 0.006 
0.45± 0.006 
 0.33±    0.006 
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Samples 
No. 
External dose D 
(nGy/h) 
Annual 
effective dose 
(μSv/y) 
Radium 
Equivalent 
Activity 
(Bq/kg) 
External 
Hazard 
Index Hex 
Internal 
Hazard Index 
Hin 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
40.58± 0.98 
38.01± 0.97 
59.01± 1.07 
58.95± 0.79 
40.71± 0.67 
39.39± 0.70 
44.61± 0.73 
45.64± 0.72 
45.64± 0.72 
31.86± 0.63 
31.86± 0.63 
34.83± 0.65 
35.14± 0.66 
50.59± 0.75 
68.01± 1.14 
65.44± 0.79 
55.15± 0.76 
53.01± 0.95 
89.20± 1.17 
71.96± 1.13 
71.61± 1.11 
69.09± 1.16 
69.19± 1.20 
47.97± 1.01 
69.40± 0.81 
63.59± 1.09 
49.35± 1.05 
49.54± 1.02 
48.50± 1.02 
62.27± 0.85 
62.29± 0.90 
31.20± 0.96 
27.07± 0.85 
49.92± 1.21 
46.76± 1.19 
72.58± 1.32 
72.51± 0.98 
50.07± 0.84 
48.45± 0.87 
54.87± 0.90 
56.14± 0.89 
56.14± 0.89 
39.19± 0.79 
39.19± 0.79 
42.84± 0.81 
43.22± 0.81 
62.22± 0.92 
83.65± 1.41 
80.49± 0.97 
67.84± 0.95 
65.20± 1.17 
109.71±1.45 
88.51± 1.40 
88.07± 1.37 
84.98± 1.43 
85.10± 1.48 
59.00± 1.25 
85.37± 1.00 
78.21± 1.34 
60.70± 1.29 
60.93± 1.26 
59.65± 1.26 
76.59± 1.06 
76.62± 1.11 
38.37± 1.19 
33.29± 1.05 
84.19±1.90 
78.74± 1.87 
124.27±2.10 
124.09±1.57 
84.61± 1.33 
81.22± 1.38 
92.82± 1.43 
95.10± 1.41 
95.09± 1.41 
65.19± 1.24 
65.20± 1.24 
71.65± 1.28 
72.38± 1.28 
105.86±1.48 
144.09±2.25 
138.55±1.58 
116.09±1.52 
111.91±1.88 
190.96±2.35 
152.98±2.24 
152.14±2.20 
146.39±2.28 
146.62±2.37 
100.47±1.98 
147.24±1.63 
134.63±2.14 
103.43±2.05 
103.96±2.00 
101.53±1.99 
131.70±1.72 
131.76±1.82 
63.58± 1.85 
55.10± 1.65 
0.23±0.005 
0.21±0.005 
0.34±0.006 
0.34±0.004 
0.23±0.004 
0.22±0.004 
0.25±0.004 
0.26±0.004 
0.26±0.004 
0.18±0.003 
0.18±0.003 
0.19±0.003 
0.20±0.003 
0.29±0.004 
0.39±0.006 
0.37±0.004 
0.31±0.004 
0.30±0.005 
0.52±0.006 
0.41±0.006 
0.41±0.006 
0.40±0.006 
0.40±0.006 
0.27±0.005 
0.40±0.004 
0.36±0.006 
0.28±0.006 
0.28±0.005 
0.27±0.005 
0.36±0.005 
0.36±0.005 
0.17±0.005 
0.15±0.004 
0.33±0.006 
0.30±0.006 
0.54±0.007 
0.55±0.005 
0.35±0.004 
0.33±0.004 
0.39±0.005 
0.40±0.005 
0.40±0.005 
0.25±0.004 
0.25±0.004 
0.28±0.004 
0.28±0.004 
0.46±0.005 
0.64±0.008 
0.63±0.006 
0.51±0.005 
0.49±0.006 
0.88±0.008 
0.68±0.008 
0.68±0.008 
0.65±0.008 
0.65±0.008 
0.41±0.006 
0.67±0.006 
0.59±0.007 
0.42±0.007 
0.43±0.006 
0.42±0.006 
0.59±0.006 
0.59±0.007 
0.23±0.006 
0.19±0.005 
Average 73.69± 0.94 90.6± 1.2 156.5± 1.9 0.42± 0.01 0.72± 0.01 
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Standard sources certificates 
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of the Minagish oil ﬁeld using high-resolution gamma-ray spectrometry
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A B S T R A C T
An evaluation of the speciﬁc activity concentrations associated with technologically enhanced naturally
occurring radioactive materials (TENORM) and anthropogenic radionuclides has been undertaken as part of
a systematic study to provide a radiological map of the outer boundary of the produced water lagoon located in
the Minagish oil ﬁeld in the south west of the State of Kuwait. The lagoon contains material from the discharge
of produced water which is a by-product of oil production in the region. The lagoon samples were prepared and
placed into sealed, marinelli beakers for a full gamma-ray spectrometric analysis using a high-resolution, low-
background, high-purity germanium detection systems at the University of Surrey Environmental Radioactivity
Laboratory. Of particular interest are the calculation of the activity concentrations associated with members of
the decay chains following decays of the primordial radionuclides of the 238U chain (226Ra, 214Pb, 214Bi) and the
232Th chain (228Ra, 228Ac, 212Pb, 212Bi, 208Tl), and the enhanced concentrations of radium isotopes. This
conference paper presents an overview summary of the experimental samples which have been measured and
the analysis techniques applied, including isotopic correlation plots across the sample region. The result shows
the expected signiﬁcant increase in 226Ra (and progeny) concentrations compared to the NORM values
previously reported by our group for the overall terrain in Kuwait.
1. Introduction
The radionuclide species which make up the primordial radioactive
decay chains headed by 232Th and 238U, together with their associated
daughter and granddaughter decay members constitute as signiﬁcant
fraction of the naturally occurring radioactive materials (NORMs)
which are present in the wider environment (Kathren, 1998).
Gamma-ray radiation emitted following the decays of these naturally
occurring radionuclides, together with 40K exist in all surface soils and
are responsible for the majority of the external gamma-ray exposure to
humans across the planet (UNSCEAR, 2000). Increased activity con-
centration levels of the NORMs associated with chemical processes in
the oil production industry can lead to potential radiological health
hazards for workers in this environment. In particular, the dispersion
of produced water and scale from oil production facilities can be
enriched in radium and radium daughter products (which originate
from the 238U and 232Th decay chains) compared to the naturally
occurring background levels in the undisturbed environment, for
examples, see references (Alazemi et al., 2016; Ali et al., 2015; Al-
Masri, 2006; Bakr, 2010; Fisher, 1998; Hamlat et al., 2001; Malain
et al., 2012; Moatar et al., 2009; Santawamaitre et al., 2014; Xhixha
et al., 2015).
The Environmental Radioactivity Group at the University of Surrey,
UK has led a range of gamma-ray spectrometry measurements for the
accurate evaluation of activity concentrations of primordial and
technologically-enhanced naturally occurring radioactive materials
(TENORMs). These are evaluated using standard volume and geometry
marinelli beakers to house the samples, together with the use of well
characterised HPGe detectors for high-resolution gamma-ray spectro-
metric analysis. The HPGe allow the determination of a number of
intercomparable, individually-measured activity concentrations using
transitions which lie above the minimum detectable activity (MDA) and
arise from multiple characteristic decay branches of individual mem-
bers of the main 232Th (4n) and 238U (4n+2) decay chains. Using the
evaluated data on gamma-ray emission probabilities accurate values
for activity concentrations of individual isotopes can be discerned from
these characteristic gamma-ray emissions. Where there are more than
one characteristic gamma-ray line emitted from a particular radioactive
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isotopes (such as 228Ac in the 4n decay series of 214Bi in the 4n
+2series), these data can be combined to provide a weighted mean
value, which improved the uncertainty in the measured isotopic activity
concentration. The total activity in a sample can then be gauged by
investigating the eﬀect (or lack of) secular equilibrium observed for
subsequent members of the radioactive decay chains. In the case of
idealised, naturally occurring material and in the absence of any
chemical fractionation eﬀects, the measured activity concentrations
for subsequent generations of decay in the 238U and 232Th decay chains
should tend to the activity concentration of the longest-lived member of
the chain, which in these cases are the 238U (T1/2=4.5E+9 years) and
232Th (T1/2=1.4E+10 years) primordial radionuclides which head the
4n+2 and 4n chains respectively. Examples of previous studies of the
application of nuclear decay knowledge and high-resolution gamma-
ray spectrometry undertaken by the Surrey group include studies of a
surface radiation map and evaluation of building materials of the State
of Qatar (Al-Sulaiti et al., 2011, 2012); evaluation of NORM and
TENORM values across coastal (Malain et al., 2012) and industrial
river regions (Santawamaitre et al., 2014) in Thailand; and a surface
radiation map of the State of Kuwait (Alazemi et al., 2016).
This invited conference paper presents systematics measurements
of activity concentrations associated with members of the U and Th
decay chains in soil samples taken from a the outer boundary of the
large area produced wastewater lagoon in the Minagish oil ﬁeld in
Western Kuwait. In particular enhancements of radium concentrations
in the soil associated with oil production activity are evaluated and
compared with our recent measurements of the wider Kuwaiti envir-
onment (Alazemi et al., 2016).
2. Material and methods
2.1. Sample collection and preparation
The measurements included 100 separate sand and soil samples, of
which 80 samples were collected from around the edges of Minagish
produced water lagoon, with 20 additional samples taken from outside
of that lagoon, but in the same geographical area of Kuwait, to provide
local baseline values. Fig. 1 shows the geographical location of the
Minagish oil lagoon, with Fig. 2 showing an aerial photograph of the
lagoon, with the sample location numbers detailed. All samples were
shipped to the University of Surrey for detailed gamma-ray spectro-
metric analysis, based on techniques that have been outlined in
(Santawamaitre et al., 2014; Alazemi et al., 2016). The samples were
sieved using a 4 mm sieve to remove any unwanted materials such as
vegetation, glass and twigs. After sieving, the samples were dried in a
drying oven to remove any additional moisture present in the soil.
Additional sieving using a 500 mm sieve was then performed to
produce uniform and homogeneous samples. The sieved soil was put
into Marinelli beakers and sealed with tape to be air tight, to prevent
escape of gaseous decay progeny (eg.222Rn). The beakers were then
stored for a minimum of 1 month to achieve secular equilibrium
between 226Ra and 222Rn.
2.2. Instrumentation and calibration
The HPGe detector was used for the gamma-ray spectrometric
measurement of the samples. This system had measured FWHM
energy resolutions of 0.8 keV and 2.0 keV for the 122 keV (57Co) and
1332 keV (60Co) lines respectively. Prior to beginning the measure-
ments, the detector underwent full energy and full-energy peak total
eﬃciency calibration procedures using four standard reference sources,
viz, 152Eu, 232Th, 226Ra, and an NG3 mixed source containing 57Co,
60Co, 85Sr, 88Y, 109Cd, 137Cs, 139Ce, 203Hg and 241Am (Santawamaitre
et al., 2014). These gave accurate representations of the full-energy
peak detector eﬃciency of the counting systems for soil samples. The
standard sources were measured for 48 h and results were used for
determination of the eﬃciency curve. Each of the sources was
contained in a 550 ml Marinelli beaker of the same geometry as those
used in the sample measurements.
2.3. Activity concentration determination
Each prepared soil sample was measured for 48 h using HPGe
detector. The net counts under the full-energy peak areas, the counting
time, the absolute full-energy peak eﬃciency for the energy of interest
and the gamma-ray emission probability corresponding to the peak
energy were used to determine the activity concentration of a particular
radionuclide in the measured samples. The speciﬁc activity concentra-
tion (in Bq/kg) values quoted assume secular equilibrium for the
diﬀerent isotopic activities in the decay chains, and is deﬁned as the
activity per unit mass of the sample expressed as:
A C
ε P t m
= n
f γ s
where A is the activity concentration of a particular nuclide in units of
Bq kg−1, Cn the net count (background subtracted) of the correspond-
ing full-energy peak, εγ the absolute full-energy peak detection
eﬃciency, Pγ the emission probability per decay corresponding to the
Fig. 1. Map of the state of Kuwait showing the locations of oil ﬁelds. The Minagish oil
ﬁeld from which samples have been obtained and analysed is in the South West of the
country. [http://publicdiplomacypressandblogreview.blogspot.com/2016/04/kuwait-us-
oﬃcials-discuss-boosting.html].
Fig. 2. Aerial view of the Minagish produced water oil lagoon in Western Kuwait,
showing the locations of the samples taken for measurement in the current work.
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speciﬁc gamma-ray energy, t the counting time in second and m the
mass of soil sample in kg.
The direct measured activity of 226Ra comes from the intensity of
the 186.2 keV transition, which needs to be can be adjusted to correct
for the contribution from the overlapping gamma-ray transition
associated with the alpha decay of 235U to 231Th at 185.7 keV
(DDEP, 2013). The clearly identiﬁed gamma-ray lines observed from
each soil spectrum was used to calculate the activity concentration,
along with the uncertainty associated with the speciﬁc line, taking into
account the standard deviation uncertainties associated with statistical
counting uncertainties in the peak area, gamma-ray emission prob-
ability and full-energy peak detection eﬃciency. These were then
Fig. 3. Background subtracted gamma-ray spectrum associated with decays from 238U, 232Th radionuclides as detected from sample outside the lagoon. The counting time for this
spectrum was 48 h.
Fig. 4. Gamma-ray spectrum obtained for sample number 29, from inside the Minagish produced water lagoon, which shows one of the highest activity concentration values in the
current work. This spectrum was acquired following 2 days measurement.
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combined for the speciﬁc decay chain to give a weighted mean and
uncertainty on the weighted mean for the full 238U (226Ra) and 232Th
decay chains. An example of weighted mean from sample no. B-8 is
shown in Fig. 4, with the horizontal line giving the weighted mean
activity concentration of that decay chain. The activity concentrations
of 137Cs and the singly occurring primordial 40K were also derived,
where above the MDA, from the measured intensity of the single 661.6
and 1460.8 keV gamma-ray transitions, respectively.
3. Results and discussion
3.1. Sample spectra
Figs. 3 and 4 show example gamma-ray spectrum obtained for the
local geographical area and inside the boundary of the produced water
lagoon respectively. Most of the identiﬁed radionuclide observed in the
spectrum belong to the 4n+2 and 4n decay chain members, speciﬁcally
from decay of 226Ra, 214Pb and 214Bi from the 238U series; and 228Ac,
212Pb, 212Bi and 208Tl from the 232Th decay series, respectively. In
addition to these, the gamma-ray energy peak from 40K at 1460.8 keV
was also detected, along with the anthropogenic radionuclide, 137Cs at
661.6 keV, which is a known a ﬁssion product associated from fallout
from nuclear weapon tests and nuclear accidents. The signiﬁcant
increase in the intensity of the transitions associated with the decay
progeny for 226Ra (214Bi and 214Pb) are particularly evident in the
spectrum from the produced water lagoon.
3.2. Soil radioactivity concentration
The activity concentration for each of the 80 measured soil samples
were measured. Fig. 5 shows examples of the determined activity
concentrations from the 226Ra decay (sub)-series for samples within
the lagoon and also one for the natural geographical area.
The results for the full sample cohort are summarised in Fig. 6. It
can be observed that there is some level of uniformity across the values.
However, a number of exceptions are observed, speciﬁcally some
samples between 20 and 40 from western part of the lagoon. This is
most-likely due to the pipe of the produce water being located in the
same side in the lagoon.
3.3. Isotopic radionuclide correlations between 238U (226Ra), 232Th
(228Ac) and 40K
Correlations between the measured activity concentrations of
members of the 232Th, 238U chains and 40K for all are shown in
Fig. 7. A clear correlation is shown between the 238U
(226Ra)/232Th(228Ac) activities, which may indicate common response
to soil and sand chemical behaviour and other environmental processes
as these nuclides are being distributed in the environment (Xhixha
et al., 2013, 2015; Hamlat et al., 2001). Weaker correlation are
observed between 40K and the decay chains.
Fig. 5. Evaluated activity concentrations for members of the 238U(226Ra) decay series
from (upper) one of the external background baseline sample and (lower) sample 28
within the boundary of the.produced water lagoon.
Fig. 6. Weighted mean activity concentration of the 232Th (228Ac), 238U (226Ra) series nuclei and 40K for all of samples across the edges of the Minagish lagoon.
Fig. 7. Activity concentration correlations between (a) 238U (226Ra)/232Th (228Ac) (b)
238U/40K (c) 40K/232Th for all 80 measured samples of the Minagish lagoon in the current
work.
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4. Summary and conclusions
Sand and soil samples from across the four edges of the Minagish
lagoon were collected at around 20 m intervals and have been
evaluated with a view to determining their radioactive material
concentrations. The measured activity concentrations ranged from 16
↔1991 Bq/kg and 7↔83 Bq/kg for 238U ( 226Ra) and 232Th (228Ac)
respectively. The evaluated activity concentrations of 238U, 232Th and
40K across all of the soil samples produced mean values of 132, 15, and
361 Bq/kg respectively. There is a clear correlation between 238U and
232Th chain activity concentrations (UNSCEAR, 2000) and a measured
increase of activity concentration of 226Ra decay progeny compared to
the baseline background in the western side of the lagoon samples.
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Determination of levels of naturally occurring radioactive materials in
lagoon samples containing produced water from the Minagish oil ﬁeld
in the state of Kuwait
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H I G H L I G H T S
 Measurements using gamma-ray spectrometry for activity concentrations of 228Ac, 226Ra and 40K in samples from the Minagish produced water lagoon.
 Produced water resulting from the oil ﬁeld is observed to play a role in increasing the 226Ra contribution to the NORM in the surrounding soil.
 The evaluated activity concentration values for 226Ra are greater than those reported across the wider Kuwaiti environment.
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a b s t r a c t
An evaluation of the activity concentration (Ac) associated with naturally occurring radioactive materials
has been undertaken as part of a systematic study to provide a radiological map of the ground materials
from a produced wastewater lagoon located in the Minagish oil ﬁeld in the south west of the State of
Kuwait. This lagoon contains material from the discharge of produced water which is a by-product of oil
production in the region. Samples of surface materials have been collected, prepared and placed into
sealed, Marinelli beakers for a full gamma-ray spectrometric analysis using a high-resolution, low-
background, high-purity germanium detection system. This short conference paper presents a summary
of results for an initial selection of sixteen surface samples from the edges of the Minagish oil lagoon
which have been analysed to obtain Ac values for members of the 226Ra (214Bi and 214Pb) and 232Th
(228Ac, 212Pb and 208Tl) decay chains and for 40K. These are compared with other studies for the same
geographical region.
& 2016 Elsevier Ltd. All rights reserved.
1. Introduction
The radionuclide species which make up the primordial radio-
active decay chains headed by 232Th and 238U, together with their
associated daughter and granddaughter decay members constitute
a signiﬁcant fraction of the naturally occurring radioactive materials
(NORMs) which are present in the wider environment. Gamma-ray
radiation emitted following the decays of these naturally occurring
radionuclides, together with 40K are responsible for the majority of
the external gamma-ray exposure to humans across the planet
(UNSCEAR, 2000).
Increased activity concentration levels of the NORMs associated
with chemical processes in the oil production industry can lead to
potential radiological health hazards for workers in this environ-
ment. In particular, the dispersion of produced water and scale
from oil production facilities can be enriched in radium and ra-
dium daughter products (which originate from the 238U and 232Th
decay chains) compared to the naturally occurring background
levels in the undisturbed environment, for examples, see refer-
ences (Ali et al., 2015; Al-Masri, 2006; Bakr, 2010; Fisher, 1998;
Hamlat et al., 2001; Moatar et al., 2010; Xhixha et al., 2013; Xhixha
et al., 2015).
This short conference paper presents a preliminary evaluation
of measurements associated with naturally occurring radioactive
materials as part of a systematic study to provide a radiological
map of a wastewater lagoon within the Minagish oil ﬁeld in south
western Kuwait.
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/radphyschem
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2. Materials and methods
2.1. Study area, samples collection and preparation
Approximately 100 individual environmental samples were
collected from surface materials around the perimeter of the
evaporation lagoon located in the Minagish oil ﬁeld, with samples
obtained at predetermined locations approximately 20 m apart.
The geographical location of the Minagish oil ﬁeld within the State
of Kuwait is shown in Fig. 1. All the collected samples were sent to
the Environmental Radioactivity Laboratory within the Ministry of
Health in Kuwait City for preparation prior to being shipped to the
Environmental Radioactivity Laboratory at the University of Sur-
rey, UK for spectrometric analysis. The samples were dried initially
using an oven to remove excess moisture and then sieved and
placed in 550 ml Marinelli beakers. The samples were labelled,
sealed and kept for at least 30 days in order to achieve radioactive
secular equilibrium between the 226Ra and 222Rn members of the
238U decay chain. We present here an initial evaluation of a subset
of sixteen samples from the full study. The locations from which
these 16 samples were taken for the current study are noted on
the map of the produced water oil lagoon in Fig. 2.
3. Experimental measurements
3.1. Gamma-ray spectroscopy
The measurement systems used in the current work consist of
co-axial high-purity germanium (HPGe) detectors surrounded
with passive, shielding based in the Environmental Radiation La-
boratory at the University of Surrey, as described in the previous
works by Santawamaitre et al. (2014) and Malain et al. (2012). Two
separate HPGe detectors were used, both enclosed inside 10 cm
thick cylindrical lead shields with an inner layer of 0.1 cm thick
copper and another layer of cadmium for additional absorption of
lead K X-rays. The resultant spectral data was analysed using Genie
2000 Canberra software. High-resolution gamma-ray spectro-
metry was used to measure each of the samples. Each HPGe de-
tector response was calibrated for full-energy gamma-ray peak
efﬁciency using standard Marinelli based sources containing 232Th,
226Ra and 152Eu, as outlined by Santawamaitre et al. (2014).
Gamma-ray spectra for the measured samples were acquired for
two days counting time for each sample. The 16 separate soil
sample spectra were analysed and identiﬁcation of radionuclides
in each sample carried out by considering their peak centroid
energies compared with the reference gamma-ray energies.
Fourteen of the samples (1–14) were measured using one detector
system, while 2 samples (15 and 16) were measured using a sec-
ond HPGe detector in the same laboratory. Decays from the 238U
radioactive chain were analysed assuming secular equilibrium
between 226Ra and its decay daughters in particular 214Bi and
214Pb; while the activity concentration of 232Th was determined
using gamma-ray emission probabilities associated with decays of
228Ac, 212Pb and 208Tl using the method outlined in (Malain et al.,
2012; Santawamaitre et al., 2014).
4. Results and discussion
4.1. Speciﬁc activity concentration: 238U (226Ra), 232Th and 40K
After correcting for the activity concentration of 226Ra in the
samples, the activity concentration associated with 235U could also
be deduced from the intensity of the 186 keV gamma-ray transi-
tion. Under the assumption of secular equilibrium and no chemical
fractionation within the sample preparation method, the mea-
sured activity concentration associated with 214Pb and 214Bi should
be equal to that from 226Ra in secular equilibrium. Any residual
counts in the 186 keV full energy peak above this secular
Fig. 1. Map of the state of Kuwait showing the locations of oil ﬁelds. The Minagish oil ﬁeld fromwhich samples have been obtained and analysed is in the South West of the
country. Map taken from reference [MOO, 2016].
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equilibrium level should then be associated with the decay of 235U
to 231Th and the 185.7 keV characteristic transition. (The char-
acteristic decay associated with the 226Ra contribution has an
energy of 186.2 keV). Fig. 3 shows an example analysis of the
measured activity concentration values for the decay progeny as-
sociated with 226Ra and 228Ra decay for Sample number 15. Note
that, since the Ac values are essentially constant across the dif-
ferent isotopes associated with each decay chain for elements with
atomic numbers less than Z¼88, we can conclude that there is
little evidence for disequilibrium related to the chemical
fractionation for either 226Ra with 214Bi and 214Pb or 228Ra with
228Ac decays and 208Tl decays in this measurement.
Fig. 4 presents the 232Th(228Ac) and 226Ra Ac values and the
correlation between the two, for each of the 16 samples from the
surface samples of the Minagish produced water oil lagoon. Ta-
ble 1 and Fig. 5 present the Ac for the samples measured which are
found in the range 342251 Bq/kg for 226Ra; 11222 Bq/kg for
232Th(228Ac); and from 3312449 Bq/kg for 40K. These preliminary
results indicate that while the values for 232Th and 40K are within
the world average and similar to those reported for the natural
Fig. 2. Google image of the Minagish oil ﬁeld lagoon showing the locations of the sixteen sampling points at the edge of the lagoon used in the current study.
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environment across Kuwait (Bou-rabee et al., 1997; Bajoga et al.,
2015; Shams et al., 2016) (see Table 2), those for 226Ra lie sig-
niﬁcantly above the world mean value for 238U. This is consistent
with the expected enhancement of the 226Ra concentration
leeching from the produced water lagoon compared to the natural
soils.
The measured activity concentration for the 226Ra and its decay
progeny in the 16 produced water lagoon samples is clearly cor-
related with the activity concentrations associated with 228Ra
decay within each sample; (the 228Ra decay rate is assumed to be
the same as that for 228Ac and daughters under the assumption of
secular equilibrium). However, the amount of 228Ra activity lea-
ched out in the produced water process appears to be signiﬁcantly
less than for 226Ra, which results in correlated, but notably dif-
ferent activity concentration levels for these two isotopes. This
might be due to the differences in the radiological half-lives
for these two isotopes (T1/2 (226Ra)¼1600(7) years; T1/2
(228Ra)¼5.75(4) years) (DDEP, 2013) which determine their atomic
concentrations in situ.
5. Conclusions
Measurements have been made using high-resolution gamma-
ray spectrometry to determine the activity concentrations for 228Ra
and 226Ra decay progeny, and for 40K from 16 separate samples
from the boundary of the produced water lagoon in the Minagish
oil ﬁeld in South Western Kuwait. The evaluation of these samples
suggest that the discharge of produced water inﬂuences the NORM
concentration within the produced water lagoon environment,
with a measured increase in the activity concentration values as-
sociated with the 226Ra isotope and its progeny in these samples
compared to the previously reported values across the wider Ku-
waiti environment.
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Table 2
Reported average values of activity concentration in ground samples from selected
countries and Middle Eastern states.
Activity concentration (Bq/kg)
Country 238U 232Th 40K
Egypt (UNSCEAR, 2000) 37 18 320
Ghana (Faanu, 2011) 15 27 157
Iran (UNSCEAR, 2000) 28 22 640
Japan (UNSCEAR, 2000) 29 28 310
Jordan (Al-Hamarne and Awadallah, 2009) 49 27 291
Kuwait (Bou-rabee, 1997) 13.3 10 322
Nigeria (Muhammad, 2010) 8 34 641
Oman (Goddard, 2002) 29.7 15.9 225
Saudi Arabia (El-Reefy, 2006) 9.3 37.4 369
Syria (UNSCEAR, 2000) 23 20 270
USA (UNSCEAR, 2000) 35 35 370
Worldwide average value (UNSCEAR,
2000)
33 45 420
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 Evaluation of NORM from 12 sample locations across the State of Kuwait.
 Part of a wider, full study to provide a radiological map of Kuwait.
 Analysis of 226Ra and 228Ac decay progeny using HPGe spectrometry.
 Activity concentrations and isotopic ratios evaluated for 12 locations in Kuwait.
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a b s t r a c t
An evaluation of naturally occurring radioactive materials has been undertaken as part of a systematic
study to provide a surface radiological map of the State of Kuwait. Soil samples were collected from
twelve locations across Kuwait and analysed using high-resolution gamma-ray spectrometry. The 226Ra
and 235U speciﬁc activity concentrations have been determined and used to estimate the 235U/238U
isotopic ratios which are found to be comparable to that expected for naturally occurring uranium
material.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
The decay chains of thorium and uranium with their associated
daughters and granddaughters isotopes represent sources of
naturally occurring radioactive materials (NORMs) in the wider
environment. Gamma-ray radiations emitted from such NORMs
existing in all soils are responsible for the majority of the external
exposure to humans (UNSCEAR, 2000). Therefore quantifying,
evaluating and managing any potential risks associated with
concentrations NORMs represents a standard baseline for radi-
ological protection policies.
2. Sample collection, preparation and measurement
Approximately 180 separate samples of sand and soil were
collected from across Kuwait at predetermined locations 10 km
apart in a grid pattern, as part of a wider study sponsored by the
Kuwaiti Ministry of Health (Alazemi, 2015). The collected samples
were sent to the University of Surrey Environmental Radioactivity
Laboratory for preparation and analysis, where they ﬁrst were
dried using an oven to make sure that all signiﬁcant moisture was
removed. The samples were then sieved with a 500 μm-size mesh.
This grain size was chosen to optimise the full volume ﬁlling of a
550 mL Marinelli beaker. The samples were labelled and sealed
and kept for at least 30 days in order to achieve radioactive secular
equilibrium between the 226Ra and 222Ra members of the 238U
decay chain. This short conference paper presents a pre-analysis
from of a subset of 12 randomly distributed samples from the full
study. The locations which were taken for the current study are
noted on the map in Fig. 1.
This measurement system consists of a co-axial high-purity
germanium (HPGe) detector with passive shielding, electronics to
collect and process the signals produced by the detector and a
computer with processing software to generate, display and store
the ﬁnal gamma-ray spectrum obtained. The detector capsule was
enclosed inside a 10 cm thick cylindrical lead shield and an inner
layer of 0.1 cm thick copper and another layer of cadmium for
additional absorption of lead K X-rays. The resultant spectral data
were analysed using Genie 2000 Canberra software.
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High-resolution gamma-ray spectrometry was used to measure
all soil samples. The passively shielded HPGe set-up was calibrated
for full-energy peak efﬁciency using four separate standard sour-
ces, each housed in the same Marinelli beaker as the measured
samples. Detailed of these sources are outlined by Santawamaitre
et al. (2014). Gamma-ray spectra were acquired for two days
counting time for each sample. A range of gamma-ray energies
associated with the decay daughters of 238U (226Ra) and 232Th
decay series, ranging from 60 keV up to 2.614 MeV were covered
with all the sources. The 12 soil samples spectra were analysed
and identiﬁcation of radionuclides in each sample was carried out
by considering their peak centroid energies compared with the
reference gamma-ray energies. Decays from the 235U and 238U
radioactive chains were analysed assuming secular equilibrium
between 226Ra and its decay daughters in particular 214Bi and 214Pb.
The activity concentration of 232Th was determined using gamma-
ray emission probabilities associated with decays of 228Ac, 212Pb
and 208Tl as described by Santawamaitre et al. (2014).
3. Activity concentrations of 226Ra, 232Th and 40K
Under the assumption of secular equilibrium the measured
activity concentration associated with 214Bi and 214Pb should be
Fig. 1. Map of the state of Kuwait showing the locations of the twelve sampling points used in the current study.
Fig. 2. The 235U:238U isotopic ratios for the 12 samples measured in the current
work as compared to that expected for naturally occurring material.
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approximately that from 226Ra. By correcting for the activity con-
centration of 226Ra in the samples, a value of the 235U activity
concentration (and hence the 235U/238U isotopic ratio) can be in-
ferred from the intensity of the 185.7 keV gamma-ray emitted
following the alpha decay of 235U. This is shown for the 12 samples
discussed here in Fig. 2.
Table 1 presents the evaluated activity concentrations for the
12 samples measured the current work which are found to range
from 13.2 to 19.4 Bq/kg for 238U(226Ra) and from 10.1 to 19.1 Bq/kg
for 232Th. Results for all speciﬁc activities are at the lower end of
the world average values and similar to those reported by Bou-
rabee (1997).
4. Conclusions
Measurements have been made of the activity concentrations
in soil/sand for 232Th and 238U decay progeny, plus 40K for 12 lo-
cations from across the state of Kuwait using high-resolution
gamma-ray spectrometry. The measured values are all within the
expected world average levels and no evidence increased depleted
uranium concentrations were found in the current work (Table 2).
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Table 1
Activity concentrations in Bq/kg due to 238U and 232Th series radionuclides and 40K
from the selected 12 samples.
Sample code 238U (Bq/kg) 232Th (Bq/kg) 40K (Bq/kg) 235U (Bq/kg)
1 16.970.3 15.670.3 434733 0.7670.04
2 19.470.4 18.1570.3 467735 0.9370.05
3 14.270.3 14.9070.3 499737 0.5970.06
4 17.570.3 16.870.3 549741 0.7670.04
5 14.070.3 13.670.3 381729 0.6470.08
6 16.770.3 19.170.4 544741 0.7170.09
7 16.070.3 16.370.3 428732 0.7070.04
8 13.270.2 10.0970.11 241710 0.6470.04
9 18.470.2 14.870.2 29375 0.8570.09
10 18.470.2 13.670.2 27675 0.8170.03
11 15.670.2 12.870.2 31476 0.7170.13
12 17.770.2 14.5770.14 28476 0.7270.02
Worldwide range
(UNSCEAR, 2000)
17–60 11–64 140–850
Table 2
Values of activity concentration (Bq/kg) in soil samples from selected countries and
Middle Eastern states.
Country 238U 232Th 40K
Egypt (UNSCEAR, 2000) 37 18 320
Ghana (Faanu et al., 2011) 15 27 157
Iran (UNSCEAR, 2000) 28 22 640
Japan (UNSCEAR, 2000) 29 28 310
Jordan (Al-Hamarne and Awadallah, 2009) 49 27 291
Kuwait (Bou-rabee, 1997) 13.3 10 322
Nigeria (Muhammad et al., 2010) 8 34 641
Oman (Goddard, 2002) 29.7 15.9 225
Saudi Arabia (El-Reefy et al., 2006) 9.3 37.4 369
Syria (UNSCEAR, 2000) 23 20 270
USA (UNSCEAR, 2000) 35 35 370
Worldwide average value (UNSCEAR, 2000) 33 45 420
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H I G H L I G H T S
 90 independent soil samples obtained across State of Kuwait were analysed using high-resolution gamma-ray spectrometry.
 Mean activity concentrations determined for 232Th, 238U and 40K.
 In current work no ﬁrm evidence established for presence of depleted uranium.
 Consistent with natural uranium, the mean isotopic activity ratio for 235U/238U across the samples was 0.04570.003.
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a b s t r a c t
A study of natural radioactivity from 90 different soil samples from the state of Kuwait has been carried
out to ascertain the NORM concentration values across the country. The calculated activity concentra-
tions were determined from: (i) the decays of the 226Ra, 214Pb and 214Bi members of the 4nþ2 decay
chain headed by 238U and; (ii) the 228Ac, 212Pb and 208Tl members of the 4n chain headed by 232Th. The
study also included evaluations for the 235U decay chain with the 186 keV doublet transition used to-
gether with the measured 4nþ2 activity concentration values to determine the 235U/238U isotopic ratios
for each sample. The values for the arithmetic mean activity concentrations for 90 separate locations
across Kuwait as determined in the current work were 17.2, 14.1, and 368 Bq/kg, with standard deviations
of 5.2, 3.7 and 90 Bq/kg for the 238U, 232Th and 40K activity concentrations respectively. Measured isotope
ratios for 235U/238U give an arithmetic mean value for all of the samples of 0.04570.003, consistent with
that expected for natural uranium. These results indicate no evidence for a radiologically signiﬁcant
dispersion of additional depleted uranium across the entire State of Kuwait from the 1991 Gulf War.
& 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Natural radioactivity arises from both cosmic and terrestrial
sources. Radiation from naturally occurring materials which in-
clude the radioisotopes 238U, 235U and 232Th and 40K represent
particularly important natural sources. These radionuclides are
primordial and their very long radiological half-lives mean that
they are ubiquitously distributed in all components of the wider
surface environment including in foods, soil, air, water, vegetation,
building materials etc. (Wilson, 1994). The radioactive decay series
headed by 238U, 235U and 232Th transmute into a range of radio-
active progeny, ﬁnally decaying into a stable isotope of lead,
namely 206Pb, 207Pb, and 208Pb, respectively.
The earth's crust constitutes the major source of naturally oc-
curring radioactive materials in the environment but the dis-
tribution of these radionuclides depends on petrological factors
and the degree of mineralisation in the local geology. In a natural
ecosystem, the distribution of 238U, 235U, 232Th and their daughter
products are governed by many factors such as chemical proper-
ties of the nuclides, physical features of the ecosystem, physiolo-
gical and ecological attributes of the biota (Wallbrink et al., 1994;
Al-Sulaiti, 2010; Boyle, 2013; Tesec-int.org). These factors de-
termine the pathways along which some of these elements tra-
verse a terrestrial ecosystem. For example, the weathering of
bedrock releases U, Th and K to the surrounding soil, which then
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subsequently allows transfer of the U and Th progenies within that
medium. From the soil, potassium, radium, a small amount of ur-
anium and a trace amount of thorium are taken up by plants,
potentially ﬁnding their way into vegetation, groundwater and
eventually into the food chain (Eisenbud and Gesell, 1997). The
plants naturally utilise 40K in the same manner as it uses the es-
sential element of potassium. Radium is also taken up by plants
since it is chemically similar to calcium, which is an essential
element. In contrast to these, the uptake of U and Th by plants is
usually small or negligible since these radionuclides normally are
relatively insoluble (Dreicer et al., 1984). In general, the biological
effect on the human body is through inhalation and ingestion and
directly through external exposure.
The most signiﬁcant component of total dose received by hu-
mans arises from environmental doses produced by the natural
radiation. About 85% of the total terrestrial ﬂux of gamma radia-
tion is from the natural environment, from 238U, 232Th and 40K
sources, the majority of which is from radon exposure (UNSCEAR,
2000). Anthropogenic activities can also elevate the level of ra-
diation dose received by the human population. In particular, the
use of depleted uranium has been a source of concern by the
government and other stakeholders. To our knowledge, no de-
tailed studies were conducted to ascertain the levels of activity
concentration across the State of Kuwait prior to the 1991 Gulf
War. Following the war, however, various studies have been pub-
lished (Saad and Al-Azmi, 2002; Bou-Rabee and Bem, 1996; Bou-
Rabee, 1997; Al-Azmi et al., 1999; IAEA, 2003; Bem and Bou-rabe,
2004). The current work aims to give a comprehensive evaluation
of the uranium isotope ratios and related activity concentrations
across the State of Kuwait. The aim is to determine the nature and
presence (if any) of depleted uranium in the environment due to
Gulf War-related military activities, which have been reported to
play a signiﬁcant role in the radioactive contamination of the
surface soil in Kuwait (Jallad, 2015). We have measured the activity
concentrations and isotopic activity ratio for 238U and 235U as a
function of the terrestrial distribution across Kuwait, using high-
resolution low-background gamma-ray spectroscopy. A pre-
liminary report on this work has been presented previously in
(Bajoga et al., 2015).
1.1. Study area
Kuwait has a land mass area of 17,820 km2 on longitude
460–480 and latitude 280–310 (UN2010, 2010). It is situated in the
north-eastern part of the Arabian Peninsula and consists of a
number of offshore islands such as the Bubiyan, Warbah and
Failaka. It is a uniform ﬂat-to-gently-undulating desert region. The
surface soil is predominately sandy, poor in organic matter and
low in water retention capacity, with oilﬁelds and military activ-
ities occupying 7% and 4% of the total land areas, respectively
(Omar et al., 2009). According to (Bou-Rabee, 1996), not much
difference in natural radioactivity is expected from this soil type.
The geological topography of Kuwait is relatively uniform with
smooth sand-sheets having a somewhat consistent concentrations
of radionuclides of natural origin (Saad and Al-Azmi, 2002; Jallad,
2013). For the current study, individual samples were collected
during the period 2012–2013 from 90 separate locations across
Kuwait and then subsequently transferred to the University of
Surrey Environmental Radioactivity Laboratory for preparation
and detailed gamma-ray spectrometric measurement.
1.2. Depleted uranium sources
Depleted Uranium (DU) is a by-product of uranium enrichment
and has civil and military applications. Discriminating between
natural and depleted uranium is essential for the proper
management of nuclear fuel materials (Shoji et al., 2001). DU is a
chemically toxic metal, potentially hazardous and in the course of
nuclear forensics analysis it has been trafﬁcked as an illicit radio-
active material (Thompson et al., 2006).
The possibility of uranium contamination in 1991 Gulf War has
been a source of concern due to the use of uranium-tipped anti-
tank shells during the military campaign, coupled with uranium
discharges from the burning oil wells. About 300 t of DU were
dropped and ﬁred in Kuwait and southern Iraq, covering an area of
about 20,000 km2 (U.S. AEPI, 1995a, 1995b), but only 10% of the
projectiles hit their intended target while the remaining ones are
still buried at various depths in the ground across the territory.
The post-war estimates indicates that approximately 250 t of DU
in the form of small metallic rods “penetrators” was deposited in
surface soil (up to a few metres depth) due to inaccurate shots, in
addition to 10 t of additional DU aerosols released from the
burning tanks (Bem and Bou-Rabee, 2004). In particular, the
emission from these wells caused an unknown but rather small
part of the estimated 6.7 GBq uranium activity (550 kg of pure
uranium), to be uniformly deposited on Kuwait soil (Fisenne,
1993). The study by (Bem and Bou-Rabee 2004), reports that ex-
posure of depleted uranium to humans is possible but not limited
to the following ways: external exposure to the radiation emitted
from the uranium isotopes, the inhalation of depleted uranium
particles in the form of particulates, and/or ingestion of con-
taminated water or food which may adversely affect the function
of the kidney, liver, lungs and heart (Bleise et al., 2003; Zavodska
et al., 2008; Katz, 2014).
2. Materials and methods
2.1. Sample collection, preparations and measurements
The sampling plan was formed using a grid pattern, with a
point-to-point width of 10 km (Fig. 1). If for some reason there is
an obstacle (e.g. buildings, agricultural facilities) and a sample
could not be collected at the exact grid position, then the nearest
location with soil was taken as the sampling point and noted
(IAEA, 2004). The removal and collection of the soil was done with
a steel shovel and each sample was taken at a depth between
5 and 25 cm covering around 15 cm diameter on the surface, with
each sample weighing 1.5–2 kg. Samples were then placed in
plastic bags, numbered and the relevant information noted (eg.
GPS location, date and time of sampling, sample number for id).
After the sample collection was completed, the samples were ta-
ken to the Environmental Radioactivity Laboratory at the Uni-
versity of Surrey for further processing and preparation. The
sampling grid was conducted using geographic information sys-
tem software, Quantum Geographic Information System or QGIS
[QGIS]. All samples were transferred to the Environmental
Radioactivity Laboratory at University of Surrey where they were
sieved to remove any unwanted impurities such as twigs, vege-
tation and glass, using a 2 mm sieve. The sieved samples were
then dried in a drying oven to remove any excess moisture present
in the soil followed by additional sieving using a 500 μm sieve to
produce uniform and homogeneous samples of the soil. This grain
size was chosen to optimise full volume ﬁlling of the Marinelli
beakers. The prepared samples were then transferred into an ac-
tive volume of a 550 ml Marinelli beaker, labelled and sealed air-
tight with PVC tape to avoid escape of radon gas. These were then
weighed and kept for at least 30 days (7 half-lives) to ensure
that the decays of 226Ra and its 222Rn daughter were in a state of
radioactive secular equilibrium. All samples were measured using
high-resolution gamma-ray spectrometry in a low-background set
up, consisting of a co-axial and passively shielded HPGe detection
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system (Santawamaitre et al., 2014; Malain et al., 2012). The ab-
solute full-energy-peak detection efﬁciency of the counting sys-
temwas determined using four standard sources, speciﬁcally 226Ra,
232Th, 152Eu and NG3 (a mixed source containing 241Am, 57Co, 60Co,
85Sr, 88Y, 109Cd, 137Cs, 138Ce and 203Hg). The sources were used to
provide a full energy calibration ranging from 60 keV (from 241Am
in the NG3 source) to 2614 keV (from 232Th). Gamma-ray spectra
for each of the sources were acquired for 48 h each. The back-
ground-subtracted spectra of all soil samples were analysed in-
cluding the identiﬁcation of characteristic transitions associated
with speciﬁc radionuclide decays in each of the samples. After
correcting for random background and assuming secular equili-
brium, the prominent gamma-ray lines measured from both the
235U and the 238U (226Ra) decay series, 232Th (228Ac) decay series
and 40K were used to determine their respective activity con-
centration values. All analysis of full-energy peaks was carried out
using the GF3 data analysis package from the Radware software
suite (Radford, 1995).
3. Sample measurements and activity concentration
determination
3.1. Sample spectra
The gamma-ray spectra from each of the soil samples were
analysed, taking into account transition energies of interest from
the 238U and 232Th decay chains, and also from 40K. An example of
the background subtracted gamma-ray spectra, each measured for
a 2 days counting time, is shown in Fig. 2.
From these spectra, gamma-ray transitions associated with the
decays of 238U and 232Th and subsequent decay chain member
radionuclides could be identiﬁed. These include characteristic
transitions associated with the decays of 226Ra, 214Pb and 214Bi
from the uranium (4nþ2) series and 212Pb, 212Bi, 228Ac and 208TI
from the thorium (4n) series. The gamma-ray transition at
1461 keV is associated with the primordial 40K decay and is ob-
served in all of the samples, in addition to the anthropogenic 137Cs
due to Chernobyl accident and nuclear weapons tests, at 661 keV.
At the lower energy end of the spectrum, lead K X-rays at 75 keV
can be observed, as well as thorium and uranium characteristic X-
and γ-rays. The 186 keV doublet peak arises from the convolution
of the characteristic discrete line gamma-rays associated with
226Ra (186.2 keV) and 235U (at 185.7 keV) decay. The discrete peak
at 1001 keV is associated with the decay of 234mPa, which is pre-
cursor to the 226Ra decay in the 4nþ2 decay chain and can be used
as an independent indicator of the 238U activity concentration to
be compared with the 226Ra activity concentration from the same
sample.
3.2. Activity determination: 234mPa, 226Ra and 235U
3.2.1. Protactinium-234
The activity concentration of 238U can be measured in principle
using the discrete transitions of energy 63.3 keV (3.6%) and 92.6
(4.9%) associated with 234Th, direct decay daughter of 238U. How-
ever, the use of these two lines to determine 238U can be asso-
ciated with other interferences and self-absorption in the detector
material (Abbas, 2006; Jodlowski, 2006). As validated by (Yücel
et al., 1998), the 238U activity concentration can be estimated using
the 1001.03 keV (0.837%) gamma-ray line associated with the de-
cay of meta-stable Protactinium-234 (234mPa), which is a direct
progeny of 234Th. The 1001 keV transition suffers little from self-
absorption and does not show any interference with other major
gamma-ray energies from typical NORM samples. The 238U chain
decays through 234mPa and 234Th, with half-lives of 1.17 min and
Fig. 1. Location of samples collected across the State of Kuwait as analysed and presented in the current work.
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24.1 days, respectively. The relatively short half-lives of these
species means that they should be in radioactive secular equili-
brium with the 238U mother and thus have the same activity
concentrations once decay branching ratios have been accounted
for.
3.3. 238U and 235U
3.3.1. Peak interference correction: 226Ra (186.21 keV) and 235U
(185.72 keV)
The activity ratio for a homogenous sample containing natural
uranium can be obtained after ﬁrst determining the counts con-
tribution due to 235U at the 186.21 keV line for 226Ra. The γ-ray
signature of 226Ra decay overlaps with a peak doublet from the
decay of 235U at 185.72 keV. The 186.2 keV line arises from a ﬁne
structure alpha decay to the spin/parity 2þ excited state of 222Rn,
which is then followed by the emission of the characteristic
gamma ray. Such analysis has to be corrected to remove any
contribution from the 185.7 keV transition associated with the
direct decay of 235U decay to excited states in 231Th. Deconvolution
was applied on the measured samples to allow the measurement
of separate 235U and 226Ra activities (Garcia-Talavera, 2003; Ebaid,
2010; Karangelos et al., 2004; De Corte et al., 2005). This analysis
assumes literature values for the gamma-ray emission prob-
abilities (P%) of 3.5% for 226Ra and 57.2% for 235U decay (Ebaid,
2010).
4. Results and discussion
4.1. Weighted mean activity concentration
To achieve the estimate of the activity concentration (Ac) in
each sample, a weighted-mean analysis has been employed for the
activity determination. This was done by use of independent
measurements of multiple, discrete gamma-ray lines from the
same decay chains, thereby resulting in a reduction in the statis-
tical uncertainty of the derived activity concentrations compared
to the use of a single-energy transition analysis. The uncertainty
associated with the activity concentration was determined for
selected gamma-ray transitions associated with the decays of 238U
and 232Th and their decay progeny from the soil spectra. This was
done taking into account the standard deviation uncertainties
associated with statistical counting uncertainties in the peak area,
gamma-ray emission probability and full-energy peak detection
efﬁciency. These were then combined for the speciﬁc decay chain
to give a weighted mean and uncertainty on the weighted mean
for the full 238U (226Ra, 214Bi, 212Pb) and 232Th (212Pb, 214Bi, 228Ac,
208TI) decay chains. The weighted mean uncertainties (1s) are
represented by the dotted lines and denoted in the legends by þve
and ve signs. An example of the analysis is shown in Fig. 3 which
is the data taken from the gamma-ray spectrum shown in Fig. 2.
The horizontal lines in Fig. 3 correspond to the weighted mean of
the individual data points based on the individual contribution of
each nuclide to the ﬁnal activity values for the speciﬁc decay chain.
The individual activity concentrations of the observed gamma-ray
transitions from the samples are due to 226Ra, 214Pb, and 214Bi from
the 238U series in the samples, together with the 228Ac, 212Pb, 212Bi
and 208Tl daughters from the decay of 232Th series. The weighted
mean evaluation was carried as in (Malain, 2012).
The activity concentration for 226Ra can be determined indirectly
from its decay progenies via their prominent gamma-ray energies.
Fig. 2 shows the spectrum for sample 172, whose calculated
weighted mean for 226Ra was 5.9170.11 Bq/kg, one of the lowest
recorded from this study. The apparent activity for 226Ra as deduced
from the 186.2 keV gamma line was 43.971.8 Bq/kg but was later
corrected to the true activity of 23.970.9 Bq/kg by removing the
contribution of 235U at the 186.2 keV line; a difference of about
20 Bk/kg. However, the recorded apparent activity associated with
this particular gamma-ray energy transition is still above the
weighted mean even after removing the contribution of 235U to the
total peak count. This is possibly indicative of some 226Ra enrich-
ment in that particular sample (Shawky et al., 2001; Baeza et al.,
2011; Martinez-Aguire et al., 1994; Tufall, 2012). The sample was
located around the southermost part of the country. This contrasts
with the result from for sample 59 also shown in Fig.3. In the latter
case, the Ac value for the 226Ra via the 186.2 keV transition after
correction, gives an activity for the 226Ra consistent with the
weighted mean value determined from the 214Bi and 214Pb decays in
the same sample.
4.2. Activity correlation plots from 238U (226Ra, 234mPa), 235U, 232Th
and 40K
4.2.1. (232Th vs 238U) and (40K vs 238U)
Fig. 4 shows the correlations between the measured activity
concentrations for uranium, thorium and potassium. The plot for
238U and 232Th shows a slope of 1.07 with a coefﬁcient of 0.79
between the isotopes, indicating similar responses to the soil and
environmental processes that affected their distribution (Fujiyoshi
et al., 2004). This correlation may indicate similarity in their origin
and thus the soil, sand and/or rocks which make up the samples,
including their chemical behaviour (Khater et al., 2001; El-Reefy
et al., 2006; UNSCEAR, 1998).
Fig. 2. Gamma-ray spectra from sample number 172. Note this spectrum shows the
1001 keV line associated with the decay from 234mPa, and other strong transitions
from the decay of 228Ac (911 and 968 keV) and 214Bi (1120 and 1238 keV).
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On the other hand, only a relatively weak correlation (R¼0.08)
can be observed between the measured speciﬁc activities of 238U
and 40K.
4.3. Activity ratio
The existence of radioactive equilibrium has been assumed
between 238U and 226Ra in the samples. However, according to
(Anagnostakis et al., 2001), this should be applied with caution
since this equilibrium is often disturbed. In an undisturbed en-
vironment, the activities of members of a given radioactive decay
chain would be equal to unity if they are in secular equilibrium.
Any major deviation from that value indicates a disequilibrium
between members of that series and their activity ratios can be
used to explain the prevailing ecological and/or geological or
geochemical processes going on in the area (Navas et al., 2002). A
signiﬁcant deviation from this ratio can be explained in terms of
the relative distribution of these two isotopes because both ur-
anium and radium may be translocated but radium is more likely
to be (re)cycled by vegetation and bound to organic matter
(Greeman et al., 1990). Osburn (Osburn, 1965) reported that a
signiﬁcant disequilibrium is possible due to the greater solubility
of uranium than its product (radium) in an oxidised environment.
Consequently, these differences in terms of the mobility of the two
nuclides in a soil matrix is often cited as responsible for this dis-
equilibrium (Navas et al., 2002).
4.3.1. Isotopic activity determination and 235U/238U activity con-
centration ratios
The 238U activity concentration can be determined using the
1001.03 keV (0.837%) gamma line associated with 234mPa (Yücel
et al., 1998), comparing it to the value obtained using the weighted
mean for the decay progeny of 226Ra (214Bi and 214Pb). By evalu-
ating the efﬁciency corrected counts in this spectral line and the
doublet at 186 keV to obtain the 235U activity, the 235U/238U ac-
tivity ratio can be determined for each sample.
The left hand-side of Fig. 5 shows the correlation plot of the
measured activity concentrations of 235U to 238U (226Ra) for each of
Fig. 3. The individual activity concentrations of the observed gamma-ray transitions from samples 59 and 172 measured for 48 h. The horizontal bar lines represent the
weighted mean values of for the 238U and 232Th series. The þve and ve signs represent the 1s uncertainty limits associated with the weighted mean values.
Fig. 4. Speciﬁc activity correlation plot for (238U(226Ra), 232Th) and (238U(226Ra),40K).
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the 90 samples measured in the current work. The line of best ﬁt
corresponds to an activity ratio of 0.0465, which is consistent with
for natural uranium and the expected abundance ratios for these
two isotopes at 0.7% and 99.3% respectively (Oliver et al., 2007).
For comparison, the right hand side of the same ﬁgure shows the
analogous plot of the measured activity correlation associated
with 238U derived using the 234mPa decay (via the 1001 keV tran-
sition). The determined slopes for the two correlations plots are
consistent, which one would expect in the general case of secular
equilibrium.
Any differences from the expected natural isotopic ratio for
uranium may be due to relative distribution of the speciﬁc (decay
daughter) radioisotopes in a particular geological environment
and dependent on the pH level, vegetation, and local geology of
the area, which could lead to secular (dis)equilibrium (Von Gunten
et al., 1996). Moreover, the relative solubility and leachability of
these two uranium isotopes could be responsible for such varia-
tions (Evans et al., 1997). In general, a measured activity con-
centration ratio close to 0.046 is likely to indicate the absence or at
least only very low levels of depleted uranium (IAEA, 2003). The
results from the current study are consistent with the certiﬁed
activity ratio of 0.0462 for natural uranium (Agha et al., 2011;
Ebaid, 2010).
5. Conclusions
The arithmetic mean activity concentration values for 238U,
232Th, 40K obtained from ninety independent measurements
across the State of Kuwait in the current work were 17.2, 14.1 and
368 Bq/kg, with standard deviations of 5.2, 3.7 and 90 Bg/kg re-
spectively. No evidence of enhanced amounts of depleted uranium
was found in any of the samples measured. The mean activity ratio
of 235U to 238U isotopes across all the samples and was found to be
0.04670.003, which is consistent with the presence of natural
uranium from these locations. From the radiological point of view,
the analysed samples were considered to be below any radi-
ological threshold level and consequently any radiological hazard
to individuals exposed would be limited to the level expected from
natural background radiation.
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h i g h l i g h t s
Measurements made using high-resolution gamma-ray spectrometry for activity concentrations of 238U, 232Th and 40K involving 184 analysed soil
samples.
 The distribution of 40K is observed to remain rather constant across the entire region of Kuwait.
 Results obtained indicate higher 238U/232Th ratio in the northern region relative to southern one.
Measured radiological risk factors across the wider Kuwait environment are below world mean values.
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An evaluation of the radioactivity levels associated with naturally occurring radioactive materials has
been undertaken as part of a systematic study to provide a surface radiological map of the State of
Kuwait. Soil samples from across Kuwait were collected, measured and analysed in the current work.
These evaluations provided soil activity concentration levels for primordial radionuclides, speciﬁcally
members of the 238U and 232Th decay chains and 40K which. The 238U and 232Th chain radionuclides and
40K activity concentration values ranged between 5.9 4 32.3, 3.5 4 27.3, and 74 4 698 Bq/kg
respectively. The evaluated average speciﬁc activity concentrations of 238U, 232Th and 40K across all of the
soil samples have mean values of 18, 15 and 385 Bq/kg respectively, all falling below the worldwide mean
values of 35, 40 and 400 Bq/kg respectively. The radiological risk factors are associated with a mean of
33.16 ± 2.46 nG/h and 68.5 ± 5.09 Bq/kg for the external dose rate and Radium equivalent respectively.
The measured annual dose rates for all samples gives rise to a mean value of 40.8 ± 3.0 mSv/y while the
internal and internal hazard indices have been found to be 0.23 ± 0.02 and 0.19 ± 0.01 respectively.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Anthropogenic radioactivity comes in different forms and arises
from a range of applications, including nuclear medicine, energy
production, and industrial and agricultural applications. Anthro-
pogenic radionuclides are released into the environment due to
nuclear weapon tests, efﬂuent discharges from nuclear facilities,
and reactor accidents. Man-made radioisotopes discharged from
such sources can be retained in environmental materials including
soil. However, evenwith this artiﬁcial utilization of radioactivity, up
to 85% of the typical human annual exposure dose received by the
world population arises from naturally occurring radioactive ma-
terial, NORM (UNSCEAR, 2000). Industrial processes involving
NORM can also carry an associated radiological risk and therefore
identifying, quantifying, evaluating and managing any such risks
are important (Baeza et al., 2011; G. Xhixha et al., 2015; IAEA, 2003).
The State of Kuwait lies between longitude 46e48 east and
latitude 28e31 north, is located in the Middle East at the tip of the
Persian Gulf, bordered by Iraq and Saudi Arabia (Fig.1) and covering
a land mass area of 17,820 km2 (UN, 2010). According to a recent
estimate, it has a population of about 4 million (Government of
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Kuwait, 2014). According to Saad and Al-Azmi (2002) and Jallad
(2013), the geological topography of Kuwait is relatively uniform,
with smooth sand-sheets and having relatively consistent con-
centrations of radionuclides of natural origin.
The aim of this study is to produce a comprehensive radiation
map of the State of Kuwait that is intended to serve as a reference
for future radiological evaluations of the region. This is achieved by
determining the levels of radioactive concentrations from the 238U
(226Ra) and 232Th (228Ac) decay series, along with 40K, using high
resolution g-ray spectrometry with a hyper-pure germanium de-
tector retained in a low background conﬁguration. Values from the
measured activity concentration can be used to characterise the
radiological risk associated with these sample locations. Results
obtained from the analysis of 181 samples from across Kuwait are
presented in this paper. There is a growing interest across theworld
to establish national baseline terrestrial radiation levels (Al-Jundi
et al., 2008; Al-Sulaiti et al., 2011; Saad and Al-Azmi, 2002; Al-
Hamarne and Awadallah, 2009; Dawood and Issa, 2011), intended
to be of utility in evaluation and provision of future baseline values
associated with other locations from the particular regions.
2. Material and methods
2.1. Sample collection and preparation
The 181 separate soil and sand samples that were collected
from a wide variety of locations in Kuwait were shipped to the
University of Surrey for further analysis, based on techniques that
have been outlined in Santawamaitre et al. (2014). The samples
were taken to the Environmental Radioactivity Laboratory at the
University where they were sieved using a 2 mm sieve to remove
any unwanted impurities such as twigs, vegetation and glass. After
sieving, the samples were dried in a drying oven to remove any
moisture present in the soil. Additional sieving using a 500 mm
sieve was then performed to produce uniform and homogeneous
samples. The sieved soil was put into Marinelli beakers and sealed
with tape to be air tight, to prevent escape of gaseous decay
progeny (eg.222Rn). The beakers were then stored for a minimum
of 1 month to achieve secular equilibrium between 226Ra and
222Rn.
2.2. Instrumentation and calibration
Two independent HPGe detectors were used for the gamma-ray
spectrometric measurement of the samples. These systems both
had measured FWHM energy resolutions of 0.8 keV and 2.0 keV for
the 122 keV (57Co) and 1332 keV (60Co) lines respectively. Prior to
beginning the measurements, both the detectors underwent full
energy and full-energy peak total efﬁciency calibration procedures
using four standard reference sources, viz, 226Ra, 232Th 152Eu, and
an NG3 mixed source containing 57Co, 60Co, 85Sr, 88Y, 109Cd, 137Cs,
139Ce, 203Hg and 241Am. These gave accurate representations of the
efﬁciency of the counting systems for soil samples. The standard
sources were measured for 48 h and results were used for deter-
mination of the efﬁciency curve. Each of the sources was contained
in a 550 ml Marinelli beaker of the same geometry as those used in
the sample measurements.
Fig. 1. The map of Kuwait, showing the sampling collection sites used in the current work.
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2.3. Activity concentration determination
Each prepared soil sample was measured for 48 hours using a
hyper-pure germanium (HPGe) detector. The net counts under the
full-energy peak areas, the counting time, the absolute full-energy
peak efﬁciency for the energy of interest and the gamma-ray
emission probability corresponding to the peak energy were used
to determine the activity concentration of a particular radionuclide
in the measured samples. Prior to that a background radiation level
of the HPGe system was obtained by counting deionized water for
the same duration (two days) in a 550 ml Marinelli beaker which
again had the same geometry as that in counting of the sample. The
background spectrum was later subtracted from each sample
spectra before activity concentration determination. The quoted
speciﬁc activity concentration values (in Bq/kg) assume secular
equilibrium for the different isotopic activities in the decay chains
and is deﬁned as the activity per unit mass of the sample (Dovlete
and Povinec, 2004), expressed as:
A ¼ Cn
εf Pgtsm
where A is the activity concentration of a particular nuclide in units
of Bq kg1, Cn the net count (background subtracted) of the corre-
sponding full energy peak, εf the absolute full-energy peak detec-
tion efﬁciency, Pg the emission probability per decay corresponding
to the speciﬁc gamma-ray energy, ts the counting time in second
and m the mass of soil sample in kg.
The activity determined for 226Ra using the 186.2 keV transition
was adjusted to correct for the contribution from the overlapping
gamma-ray transition associated with the alpha decay of 235U to
231Th at 185.7 keV (Gilmore, 2008; Newman et al., 2008). Strongly
populated gamma-ray transitions identiﬁed in the soil spectrawere
used to calculate the activity concentration along with the uncer-
tainty associated with each speciﬁc radioisotope. These
measurements take into account the standard deviation un-
certainties associated with statistical counting uncertainties in the
peak area, gamma-ray emission probability and full-energy peak
detection efﬁciency. These were then combined for each speciﬁc
decay chain to give a weighted mean and uncertainty on the
weighted mean for the 238U (226Ra) and 232Th decay chains. The
weighted mean analysis is employed in order to achieve the best
estimate of the activity concentration. This is done by use of in-
dependent measurements of multiple, discrete gamma-ray lines
from the same decay chains thereby ensuring a signiﬁcant reduc-
tion in the statistical uncertainty of the derived activity concen-
trations compared to use of a single transition. The horizontal lines
in Fig. 2 correspond to the weighted mean of the individual data
points. An example of weighted mean from sample no. 21 is shown
in Fig. 2, with the horizontal line giving the weighted mean activity
concentration of that decay chain. Theþ ve andve signs represent
the 1s uncertainty limits associated with the weighted mean
values. The activity concentrations of the primordial radionuclide
40K was derived directly from the measured intensity of the single
1460.8 keV gamma-ray transition.
2.4. Radiological risk assessment
The dose rates (D) for the measured samples were determined
from the speciﬁc activity concentration, in addition to the associ-
ated radiological risks from the absorbed dose at 1 m above the
ground surface, viz, the radium equivalent activity (Raeq) which is
used to assess hazards associated with materials containing 226Ra,
232Th and 40K nuclides; internal hazards index (Hint), external
hazard index (Hext) and ﬁnally the effective dose rate (AEDE) were
calculated using the following references (Berekta and Mathew,
1985; UNSCEAR, 1988; Kumar et al., 2003; Dragovic et al., 2006).
Hint gives a measure of internal exposure due to radon (222Rn) and
the index must be less than unity to be within the safety threshold,
whereas the Hext index evaluates external radiation exposure from
radium containing materials. A value of Hext ¼ 1 represents the
maximum permissible value equivalent to a radium equivalent
activity of 370 Bq/kg.
Raeq ¼ AU þ (ATh  1.43) þ (AK  0.077)
D ¼ (0.462  AU) þ (0.604  ATh) þ (0.0417  AK)
AEDE ¼ D  1.23  103 mSv/y
Hint ¼

AU
185
þ ATh
259
þ AK
4810

 1
Hext ¼

AU
370
þ ATh
259
þ AK
4810

 1
The units for Raeq, D and AEDE are given in Bq/kg, nG/hr, and mSv/
year respectively. The symbols AU, ATh, and AK represent the speciﬁc
activities in (Bq/kg) for the 238U chain, the 232Th chain and 40K
respectively.
3. Results and discussion
3.1. Sample spectra
A representative gamma-ray spectrum from the current mea-
surements, associated with decays from the radionuclides detected
from sample No. 4 is shown in Fig. 3. Most of the identiﬁed radio-
nuclides observed in the spectrum belong to the 4nþ2 and 4n
Fig. 2. Weighted mean evaluation for Sample 21 showing data from individual
gamma-ray transitions following decays of 214Bi, 214Pb and 226Ra from the 238U decay
chain and 228Ac and 208TI from the 232Th decay chain.
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decay chain members, speciﬁcally from decay of 226Ra, 214Pb and
214Bi from the 238U series; and 228Ac, 212Pb, 212Bi and 208Tl from the
232Th decay series respectively. In addition to these, the gamma-ray
energy peak from 40K at 1460.8 keV was also detected, along with
the anthropogenic radionuclide 137Cs at 661.6 keV, which is a
ﬁssion product associated from fallout from nuclear weapon tests
and nuclear accidents. Also observed in the spectra are the single
escape (SEP) and double escape (DEP) peaks at 2104 keV and 1592
keV respectively.
3.2. Soil radioactivity concentration
The activity concentration for each of the (181) separately
measured soil samples is shown in Fig. 4. Results are for the 238U,
232Th primordial decay chains, in addition to the singly decaying
40K. It can be observed that there is some level of uniformity across
the values. This is consistent with the geology of Kuwait geology,
being relatively uniform with smooth sand-sheets, which in turn
would lead to the expectation of rather consistent concentrations of
radionuclides of natural origin (Saad and Al-Azmi, 2002; Jallad,
2013). However, a small number of exceptions can be observed,
speciﬁcally in two samples from the southern-western part of the
country. This may be due to depletion of these nuclides in these
samples, arising from leaching and subsequent transport of these
nuclides from these location. The values obtained due to 238U,
232Th, and 40K for all the samples range from 5.94 32.3, 3.54 27.3
and 744 698 Bq/kg respectively, with respective mean activities of
17.3, 15.1 and 385 Bq/kg.
3.3. Activity correlation: 238U/232Th and 40K
The measured activity concentration for all samples for
238U/232Th and 40K were correlated as shown in Fig. 5 as (a), (b) and
(c), for 238U/232Th, 40K/238U, and 40K/232Th respectively. There exists
good correlation in (a) and (c), with positive correlation coefﬁcients
of 0.75 and 0.32 between the 238U/232Th and 40K/232Th. This may
indicate common response to soil and sand chemical behaviour and
Fig. 4. Weighted mean activity concentration distribution of 238U and 232Th decay
chains, along with 40K, for all samples across the state of Kuwait.
Fig. 3. Background-subtracted gamma-ray spectrum associated with decays from 238U
and 232Th radionuclides as detected from sample 004.
Fig. 5. Activity correlation between (a) 238U/232Th, (b) 40K/238U and (c) 40K/232Th for all
measured samples across the whole of Kuwait.
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other environmental processes as these nuclides are being
distributed in the environment (Fujiyoshi and Sawamura, 2004;
Khater et al., 2001; El-Reefy et al., 2009). In Fig. 5(b) however, a
weak correlation of 0.03 is observed between 40K and 238U.
The geographical locations of the samples were then split
into two sub groups, namely those from the North of the State
of Kuwait (samples 1e65) and those from the central and
southern regions of the country (samples 66e187 as deﬁned in
Fig. 1) Fig. 6 shows the sub-grouped correlation of the 238U/232Th
ratio for the samples from the Northern cohort (samples 1e65) of
Kuwait and those for the rest of the country. Analysis of these
data show different average 238U/232Th Activity concentration
ratios of (a) 0.73 (a) and 0.51 (b) for the North and Central/
Southern regions of Kuwait respectively. This average ratio is
larger in the former case, indicating some additional 238U over
232Th in that region. Also in Fig. 6 (c), a systematic derease of this
ratio trending southwards can be observed for all measured
samples across the whole country.
3.4. Radiation maps of Kuwait
Results from the activity measurements were used to generate a
radiological map of Kuwait from the 181 sample locations, as
shown in Figs. 7e9, for 238U, 232Th, and 40K respectively. The
sampling grid was conducted using geographic information system
software, Quantum Geographic Information System (QGIS).
In general, the activity concentration is greater across the
northern region compared to the central and southern part of
Kuwait, with a systematically larger 238U/232Th ratio in the north-
ern region (0.73) relative to the southern region (Fig. 6 a and b). The
northern part of the country suffered considerable bombardment
by ground and air forces during the 1991 Gulf War (Barnaby, 1991)
added to which are the location of many oils ﬁelds around the
North of the counter which were affected by ﬁre during the war
(Saad and Al-Azmi, 2002). The measured distribution of 40K is
observed to remain rather constant across the entire region of
Kuwait.
Fig. 7. Radiation map of Kuwait showing the activity concentration distribution for 238U (226Ra).
Fig. 6. Measured activity ratio between 238U/232Th from the (a) north, (b) south, and
(c) across the whole country for all measured samples.
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A summary is given in Table 1 of the mean activity concentra-
tions for all the samples compared to other reported values from
across the Middle East. The results of the present study give values
below the world average for all the radionuclides. According to the
year 2000 report of UNSCEAR (UNSCEAR, 2000), the worldwide
activity concentrations of 238U, 232Th and 40K are in the range
174 60, 114 64, and 1404 850 Bq/kg respectively, with mean
respective concentrations of 35, 30 and 400 Bq/kg.
Fig. 8. Radiation map of Kuwait showing the measured activity concentration distribution for 232Th (228Ac).
Fig. 9. Radiation map of Kuwait showing activity concentration distribution for 40K.
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3.5. Risk assessment
The evaluated doses from this study are shown in Table 2. The
range of the radium equivalent concentration is from 17 to 100 Bq/
kg, with a mean of 69 Bq/kg, well below the published maximum
permissible value of 370 Bq/kg (UNSCEAR, 2000) which corre-
sponds to an effective dose of 1 mSv for the general public (Ajayi,
2009). The radium equivalent factor is generally used to assess
the hazards associated with materials containing 226Ra, 232Th, and
40K as seen from section 2.4, assuming 370 Bq/kg of 226Ra or 260 Bq/
kg of 232Th or 4810 Bq/kg of 40K produce the same gamma dose rate
(UNSCEAR, 1982; Kumar et al., 2003). A graphical summary is
shown Fig. 10, with present results lower than world mean values.
Fig. 11 shows similar results across some Middle Eastern and
North African countries, including Egypt, Jordan, Oman, Syria, Iran
and Yemen, compared to the present study. The least values for
radium equivalent are observed to be from Syria, Jordan, and Iraq,
while the maximum value of 190 Bq/kg is observed to be from the
Yemen. The internal (Hint) and external (Hext) hazards indices
measure the extent of radiation exposure indoors due to radon gas
and also externally. For all of these countries the values are less
than 1 (Bou-Rabee, 1997).
4. Conclusions
A total of 181 separate soil and sand samples from across the
state of Kuwait were collected at 10 km intervals and in the current
work have been measured with a view to determining their
radioactivity concentration. These results have provided a baseline
radiological map across the entire country of Kuwait. The measured
activity concentrations ranges 64 32 Bq/kg and 44 27 Bq/kg for
238U(226Ra) and 232Th(228Ac) respectively. The evaluated activity
concentrations of 238U, 232Th and 40K across all of the soil samples
produce mean values of 18, 15, and 385 Bq/kg respectively. A clear
correlation is also observed between 238U and 232Th chain activity
concentrations. The mean external dose-rate and radium equiva-
lent values are 33.0 ± 2.5 nG/hr and 68.5 ± 5.0 Bq/kg respectively.
The internal and internal hazard indices are 0.23 ± 0.02 and
0.19 ± 0.01 respectively. The results of the activity concentrations of
238U, 232Th, and 40K fall below the worldwide average values of 35,
40, and 400 Bq/kg (UNSCEAR, 2000).
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